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Aht. primary tbjective was to rvc,)rd and measure. the formation, growth, and] dissipation
of the vsbesurfaice phenomnena during Shuts Wahoo and Umrlaby '-eans of time-1
technical photography. Thu euondary objective wit; to obtain a bett~r und~rstlt'ding of
fht nature of thi- base surge by recording the tomp..rature ;uW humidity at various positions

spray doiti 3.t000 feet In diameter. (The yielis used In this report are those considertd
most accut'at - of 6 January 1960.) A pr~essure pulse [rom thu collapse of the subsurface
cavitated regit. )r%-.edt a4 apry ring Ibyond 'be primary dome. Se.coo,dary slicks, Causaed
by shick wave r flecVl.as fromn the bottom and de~ep strata, were also obseived. Thu
ineitia*l vertical ve'. '1 've of the Slir~y dome within 700 teet of~~h' si.- 1 -) were usv' I to
naltmlaic undei A uter ý:e.rlýv wivo. rq~e~ hose vaiuo.k .:...,j .. von i i lpercent
higher than euxpected. Estimates of the yield based on the calculated pr, bsureb gave an
average value of 11 kt. (This methott Is approximate but provides a useful chicek on radio-
chemical values.) The dome rcachci a maximnum height of 840 feet In 7 seconds.

Thi' Wahoo buWlde apparently oscillated once, while migrating to a potitiefl above ihe
original surface.. Its reexpanvion produced a hemispheric.-! mass of plume.1 uebc( 1,1300
feet high and 3,800 feet In dlisimitur. After 20 seconds, the collapsing phimesre spread out
to form a Wase surge., which drifted with the wind and was measurable to it time of 3.5
minutes and a crosswind radius of 8.200 feet. The maximum visible surge: height was about
1,400 feet.

A secondary plume formation reached a heig~ht of 850 feet about 3), a~;i fter the burst.
When the water naar surfacte zero hatd itopped ristng and filling, a white foam patch r-Cmained;
thla was naiisurable until I6 minutes, when It hail attained a diameter of about 10,1000 fe~t.

Shot Umlerelia was an 8-Pit. burst at a depth of 150 feet on the bottont of the [lgoon, Light
from the explosion was visible from the air for a fe~w millis~econds. Tie p~rimary tlhoekk
wave produced a slick 5.4001 te.t In, diameteir and a spray dome abonet 31,d00 feet In diameter.
A second sii(.k aod a ring of spray formied beyond the primary dome u, 0.53 seconu. as a
rosult of the collapee of a cuvitated region beneath the surface. Other slicks appeared at
later times, cauu~d by reflections of the oliocic wave from derp strata. Thie initial sprray
velocitles withisa 200 feet of surface zero provided tit ubtimaitpIl yield tif 8.9 kt.

Plumes developed rapidly from the Umbrella sprav dome, Mto'nirng a cylindrical shape
and reaching a maximum height of 4.000O feet ai 20 seconds. The-inaximumi plume disnietar
was 31,250 feet at 22 seconds. The lower part of the plume, or column. Lit ed to collapse
ait 6 bucvsds and a surge appeared at the base, possibly originating as a spillout froi;1 the
elgo of the water cavtty. The visible base surgo 'irifted with the wind andt w-is m easurable
to a time of about 20 minutes and a crosswind radius of 14,6.00 feat. Its maximum hiight
was about 2,100 feet. The. foam patch was persistent uni1 was i.-eamured if%! 1
when Its diameter was about 8,000 feet.

The instrumentation for recording temperature and humidity of the. base surge gave
limited results on Wnhoo but fairly complete data on Uiambrelta. Both visible surgcs
showed evidence of heating in tne leading etfe. The Umbr:'lIla recoads showed that time
surge was warm for 630 seconds and at 100-pia-cent relative humidity for Witu seconds. It



then cecane cooler as a result of evaporation and drier as a result of mixing. It returned L
to ambient condltionsafter 15 minutes.

,Methods of predicting nuclear dome, piume, ar~d base surge phenomena for application
to tih, .fi d ,pTherv of antiRuhbmirino w,.,,ons ire summarized. The gaps in existing know'-
edgy are pointed out, and recommendations for future studies are included.
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FO,.EWORD

This report presents the final results of one of the projects participating in tle military-
effect programs of Operation Hardtack. Overall information about this avd the other
military-effect projects can be obtained from ITR-1660, the "Summary Le.cpoii of the
Commander, Task Unit 3." This technical summary includes: (I) tabucs listing each
detonation with its yield, type, environment, meteorc.ogical conditions, etc.; (2) maps
showing shot locations, (3) discussions of results by programs; (4) summaries of ohjec-
tives, procedures, results, etc., for all projects; ancl (5) a listing of project reports for
the military-effect progtams.

PREFACE

The authors are pleased to uckncwlr - ,e the assistance provided by Robert H. Price. James
R. Mitchell. aWtd Charles R. NlffetvkZer of the Naval Ordnance Laboratory (NOL) In planning
many of the details of the experlmeetul operations.

The unusually high accuracy of the data obtalcid from the four photographic aircraft is
due, in large part, to the cooperation and the conscientious efforts of the Progrsat 5
personnel who positioned and tracked thc aircraft with M-32 fire control radar sya:tms.

The careful work of the analysis personnel at Edgerton, Germeshausen, and Grier, Inc.,
who handlea the tedious and difficult task of measurement of the photographic records, ii'
grealy appreciated.

In the preparation of this report, significant contributions were made by Mrs. Mary L
Milligan. Mrs. Dorothy M. Maultrby, and Mr. Joseph G. Connor, Jr., of NOL Discussions
with Dr. H. C. Snay were extremely halpful In clarifying certain aspects of the explosion
phenomenology and the general scaling problem.
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Chapter I

INTRODUCTION

"1.1 OBJECTIVES

The primary obje olve was :o record and measure the formation, growth, and dissipatinn
of the visible surfac. 'mie -cnv during Shots Wahoo and Umbrella by means of timed
technical photography. The p' unomen. of interest included the slicks, cracks, spray
domes, water columns, -i I-shrck waves, condensatioa .:oud.. p:umcsfallon.t visible base
surge, and foam patch,; tdrul.oni 1.4;. Th,. purpose of obtainir.; "-. :, ... M$ts was to
Interprt the data in terms n! epl.ssio, theory and to use the results obr the lmpro-e.m~n
of existing scaling techniques. These scaling methods are employed In the development
of offensive and delensive tactics for military situations inwhich underwater nuclear
weapons are used.

The secondary objective was to obtain a better understanding of the nature of the base
uurge hy recording the temperature and humidity at various positions in the surge clouds

formed by the collapse of the plumes on Shot Wahoo and the collapse of the column on Shot
umnu•elia. Thts method was expected to show the conditions within the surge, give infor-
mation concerning the interaction between the base surge and the ambient atmosphere, and
possibly Indicate the motion of the base surge after part or all of it had become invisible
because of the evaporation of water dropletb.

1.2 EXPERIMENTAL BACKGROUND

The U.S. Naval Ordnance Laborarory (NOL) has conducted a conailaing investigation of
the base surge an! the related surface phenomena of ur.derwater explosions since 1949. The
experimental work has Included tests -tith high explosives weighing from 10 pounds to 45 tons
(References I and 2), underwater exploslnn tests in a vacuum tank (Reference 3), and hydrau-
lic models of the base surge (Reference 4). Mtost of the data was obtained by means of
photography. In addition, instrumentation was placed in the HE base surges to dctermir,e
droplet and particle sizes and to record the changes In temperature and dewpoint tReference
2). Laboratory personnel participated hi Op•rations Castle (Reference 5) and W,"r.,am
(Reference 6) for the study of the surface phonomena of surface and underwater nuclear
bursts by photographic means. Some analysis of the records of Shot Baker in Operation
Crossroads has also been conducted. Scaling laws have baen developed for the prediction
of the surface effects of shallow underwater nuclear bursts iedference 1).

A considerable effort has been devoted to the stody of the surfacc .hcnoinena .) relatively
deep underwater exploslona by other laboratories, starting during World War I •nd extending
through W•.rld War II. One of the main objectives during this period was the ,etermination
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plume peoeaAnetnie bilorpyth of this work is Included inl Reference 6. and

1.3 tNULITARY SIGNIFICANCE

The surface effects of conventional undarwater explosions. in czontrast to nuclear bursts,
are. not considered to be of major military 'mportance, although somec use his -i")n marlie
of the damaging power of the verticAl jets formed by shallow explosions for the demolition
of bridges (Reference 7.). In Pridition, jets' and plumes~ groin exploding mines and sh'AUs I
may constitute a hazard to low-flying aircraft. However, surface phenomena havr. beeni
used prim~arily In experimental studies aa a source of Information concerning the Gxplosloc.
Under ideal conditions, the surfdce effects of a cotiventiomi~d uiidurwtter . I
e:,plosioa. !ndicate the depth and position of ihE charge, the peak shock wave pressures at
the watefr suriacc from surface zero to a considerable distance, the petliods of bubble
oscillation, anid the phase of the bubble at the t~me It breaks the surface. The values
calculated from photographll measurements provide a useful %he-., on the datA Obtained.
from other types cf ipstrtl ftntation, if such data Is available.

In contrast to conventio. ine' -wter explosion effects, the plumes and aesoclated
cloud phenirnena (caulifiowe, cclcid fallout, and base aurge) of nuclear bursts Iwve major
military significanuce because ell the ro!e thcy play as CArrivt: of azitcuctive contaminants.
For example, the cauliflowrr Liotid :rom a sihallow burst may be the ecn;-'- a; i.:: -i1oray
initial Ph=m radiation (Reference a). The fallout and base surge m::y traiiaport confami-
nants several miles downwind, thereby extendlng'the zone of airborne radiation hazard well
beyond the region of physical damage from the shock wave and other effects. The close-in
region in which thu plumes originate is probably a zone of certain destruction for shifis and
aircraft because of tho vombinedI severe effects of plumes, shock, and radilation, In the
case of a relatively deep burst delivered by a low-flying aircrafti the pilot must also evade
a nessible hazard from water rising In the spray dome.

As In conventional underwater expiosions, technical photography of -..clear burstk pro-
vides Information that aids In the Interpretation of the records obtained with t'aderwAter
pressure gages and nuy reveal phenonien,, that are not detected by other Instruimentation.
For example, In Operation Wigwam (Reference 6), aerial p!.otography revealed patche. of
spray, well beyond the.extent of the spray dome, which were caused by the focusing of the
shLo. wave by reflection from the irregular ocean bottom. These spray patches were
regions of relatively high pressure that Pqy have significance in regard to damage to surface
vessels. It 6 iinprauticable to measu~re c toht effects with gigea. because it is probably
impossible to proieLi %erCe itiy will occur, However, technical photography can Indicate
the locations of such regions and provide an a'stimate of the magnitude of the peak pressures
Involved.

1.4 u~r.Z.'RIPTION OF PHENOMENA AND THEORY OF SCA I ING

The surface phenomena of underwater expiosic;,ss can be divided into two main cateirories:
(1) thotie produced by 'he shock waves emitted at the time ot the explosion and at iluh'ultbf
minima, and (2) those produced by the mass motion of the water. which accompanies bubble
pulsation and its emergence above the Aurface.

1.4.1 Shock Wave Effects. The, shock wave prod-iced by an underwate- -x'plobion p.ropa-
gates outward radially at an extremely high velocity, wuich decreases rapidly. approaching
the speed of sound. For TNT, the following expression shows the relationship between the
peak pressure in the spherical shock wave-and distance from the burst (Reference 9):
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* Whore: P. - peak ovcrpresý;urc it) the shiock wave, psi

%V weight of explosive, pounds

Rt distane, frnmn center -.1c,')argo, or 3lant range, feet

rquation 1.1 Id not v'at~id for valuca of W1Ifl greater than :bcyut 1.1 lb"'/ft (R,~
2i5.000 psi).

The shape of the shock wave' li given by the following equation (Reference 9):

WVhere., P '~overpretoiuro in the shock~ wave, pat(

e baso I 1'avral logarithnia, 2.718

I time, k. cc

0shoek w:;-.- di'c-ay constalnt (time lnterý-. .or pi-A ov-royesstird. to decay
to PW1/e. mNVO

* For TNT, the decay constant ntay be calculated froin the following equation (Referen~ce

The Lntersection, of Mh) shock front aaul the auricec is visible from above as a rapidly
expanding ring of darkened water, sometimes called the slick (Referecice 9). Following
clotely hohiuicl the darkened region Is a white circulir patch, which MRa been called the
cradl At.fe±'ence 11). Evidence exi~sts that the surface of the water is undisturbed and,
therefore, thatl the whiteness occurs undcr water, probably as a result of cavitation pro-
duced by the tension wave. Gecaictrical consicerations Indicate that the velocity of spread
of thd slick Is a function of charge depth only, providing that the iinderwater shock wave
has slowed down to sonit, veloc~ty atid refraction effects may bp neglected. Co. sequvntly,
ineastlrements of the rato of growth of the initial surface disturbance have been used to
determine the depth of explosions (Reference 9).

The slick and crack are difficult to obseive experimentally, and des~criptions of these
phenomena In the literature are not consistent. l1,1gh-speed technical photography Is needed
wtv their proper resolution, and the appearance of tile slick and crack Is highly dependent
on lighting and viewing; angles. In some cages, the passage of the shock front produces only
an apparent lightening of the water surtace, and sometimes there Is no visible eflec'.

Shortly after the crack appears, the water nbove the e 'ploslon rises, vertical 11 to form
a white mound of spray called ti'e sprayv dome. This ris#- Is due to the parti.-le velocity
imparted to the water surface by the reflection of 11-c shock wave and the subaeqt~ent
breakup of the surftce layer Into drops of spray.

Directly above the charge, the Initial vert!-n'. - .'loclty of thec sitrface shomyId 4i. approxi-
triately equal to the sumn of the particle velciiclttc In the Incident and reflected shock w.avcs,
which are assumted to be equal In magnitude. A. all positions, "expt surface zero, the
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particie vo-ocities in the shock wa'.es have eq~ual and opposite hicrlzonttai components, which
cancel. batt she verticil components a.re both dir(etctd upward and are additive. The result.-
4.1* ;vo.tca! vcloc!-3 of 'he curface !,., theref-a:.c.

V .2(144) P. cos6. (1.4)
P U1

Where: V) ý. Initial vertical vvlocity of the zurface at a point, ft/sec

p ý. ambient density of the water, slugs/ft3 tlb-sec'/ft')r
U shock front propagrAtion velocity a. L'le itoint, Vtsec

6 -x angle with the vertical of the iline from the explosion to the point on the
surface (The factor of 144 Is included to cony' rt. the unite of P., which
nre III pal, to lb/ft.)

Ber~eatdh the surface, the downward-movirg tension wave ip superimposed vii 0-4 taill
of the pos.11ve phase of the' shock wave, 'vh!c is moving upward. At sortie dJ-11, the net
ttvnblon b&ecomez great en . to rupture the water and the surface layer bresa~c away and
pronla.vs a cavitatel reglot. a1uj'_ý the surf~irc.

It Is generally aIssum-d t..l this layer ofwater r'lrs a rom the surface with the Initial
velociiy bauowi by Squatiuit 1 4.,i~v-~~ 1~'tt u~'i h.v ntl.m. I.t~d mitit *ght

be redu,,ed as a r,.-sul. of the wor!. -;,no Ini ca 'he water bctiealh thi. -rae %unse-
quently, Equation 1.4 Is sonmt~mes modIfte" to

2 (14) P~A1 j 6 - 1 4 P1,15

Where- P~l, abreaking pressure, psl

An estimate of the thicknese of the surface layer may be obtained from tJ~e fallowing
formula (Reference 9):

L ph + Ph) RU9 (1.6)

Where: L -~ thickness of surface layer, feet

Ph- hydrostatic preasstre, PS&
c --charge depth, feet

Equation 1.8 slows that the thickness of the surfree layer increases with distance from
aurface zero. The equation of motion of[ a horizontal layer moving upward, but decelerated
by gra~iml and by the pressure difference be~tween the atmosphere and the cavitated region,
Is

dv M -144 (Pa - PC) - 17
a-t' pL

Whvtcr: v zupward velocity, ft/sec

t - lime, sem-nds

Pa atmospheric pressure, psi
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PC~ cavity pressure, pst

g-aceeleratio~a due to gravity, ftfsoc2

latvgratiun Af Lquution 1.7 over the timne of rise and descent of the surface layer shows
that thu closure time of the calritatied region should be

tc 2 V 4
144 (P P.)~ -. I

p L + g

Where: to time required for surface layer to rise and fall. or closure time of cavltatcd
region, scoonds.

Pressure pulses have been detected as a 'result of the water-hamnmer effect produced
when thu cavitated regican caoses. The times of occurren~ce of these arve reported to he in
reasonably good agreement with values ralcu~ated from Equation 1.8 (efeoanaic 12). This
bulk cavitation phenomenon Is of considerabt-,ý Interest in regard to shock damage to ships.

The acturl struc of thie spray dome and the phenomena beneath thas surface are un-
doubtedly morc comp,. ti-. ,~ idicated above. (An extension of this simple treatnu.nt would
show that a series of I ,verb ui water ihould riso upward beneath the siurf'occ layer.)

The surfa-'.r. layer avtg-.11:.. '., eJka up Into bpa'ay, MII tudul. p~rtktill, - ,I Dtovitaaed
region is probably a zone of c:-ritatior, sý,c tnal the wurti.-C w-,:' ittay not separate
completely fronm the water beneath it. Trho v-alues Of Ph and P0 to be employed In E~quations
1.3 through 1.8 depend upon excperimental conditions, and the correct values to be employed
In a given caso) have not been established. 'However, P0 cannot be less than Pb (Reference
13).

Slick, crack, and spray dome phernomena mday be multiple In nature If boltom-refletted
shock waves and pressure waves resulting frotm bubble pulsation reach the surface with

If E~quation 1.4 could be used with confidence, It would be poss.ible to calculate the p~ik
underwater pressures along the water surface wherever spray Is "!alble. This would permit
the daterminatIon of depth of burst for a charge of known weight vr the calculation of charge
weight If the depth Is known. This has been done successfully in aome cases, but discrep-
ancies have been observed In other experimental programs MReference 6). These discro~p-
ancles sometimes take the form of anomalously high Initial velocities (References 6 and 9).

The explanation for this probably Iles In the breakup of the rislrg water surface Into a
a-)ray. It has been shown In Refe~eiiue 14 that a water surface Is stable If It is iccolerateJ
In the direction of a less donse medium, such as air. but becomes unstable If the direction
of acceleration It. reversed. In the case of the spray dome, the motion of.the upper surface
of the rising fIyer Is directed Into the air but th~e entire layer Is being decelerated by gravity
and a pressure difference. Consequently, the acccleiatlon .'ector Is directed downward and
,:. -pper surface becomes unstable. Very small ripples aniý minute: Irregularities are
stabilized by surface tension, but longer ripples and gravity vaves grow In amplitude at An
exponential rate as a result of the decelzration of the surface. In addition, ris,.-& apikes
of water appear at the location of random disturbancbs, patch,.es of foam, debris, and
Irr~egularitie's in the surface.

As a resul. of this, the surface Is covered lay a denbc :muaia of water lets withna' mal'-I
sccords after the reflection of the underwater sheck wave. Thaw.- Jets break up ~.
of spray in a short tirnie. Near the center of the do.ýe. the Wi~rt, surface of the -. iter
breaks up into a white spray, which appuarz to be timooth and .i'iormn when viewed from a
distance. However, closeup photographs show t!-,t tne spray it) iore pronouinc('d on the
creats of waves, although spray is also present in the tecg',6. At the edge of the dome the
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4 spray is confined to the wave crests and the original s'urface wave pattern can be clearlv
4 seen. Spr'ay dome diameter& are conqequently greater In rough water than is smooth water.I' If initial spray dome velocitiev are meaeaured on a high-speed photographic record, an

early eitr-mely rapid rate of rise of jets and spray atswa: the tsurfaze Is detected. This is
grutiUtC than the V. show-1 by Equation 1.4. After a period of time, generally a few viilli-
seconds, the observed velocity way drop fairly suddenly to a value that is in appr:oximate
agreement with the Vo predicted by Equation 1.4. The reason for this Is r~ot ell nr. Theo-ry
Indicates that tm.: eat'it, rate of growth will be exponeittial and will continue only until ',he
amplitude of a disturbance ;b OKuut. I ur-tvriths of tht: wuvtlungtli. After thAt time, tie
height-versus-time- curve should be parabolic.

Some evidence that the initial bulk motion 0 the w~ter benelth the spray follows Equation
1.4 w'as obtained during Opcration Wigwam, where the woiplin support barge, the YC- 173,
rose with an initial velocity approximately -a indicated 3iy Equation 1.4, although the leading
spray ruse at a itiore rapid rate (Referun".j 6).

An additionial factor that may cauise the Initial sprity dome velocity V) differ from that
indicated by the simple theory use-d above Is the po~sa.hility that a shaped-eharge effect
may cause jetting in the tr 'eths of waves near the center of the dome (Reference 15). It Is
also possible that the surfh ati%. '1 may f"ncs the onderwxter shock wave (Referencc 12).

If the high Initial Instablllit veli.f 'uea are Innored. thi: rise of the spray In the domea c',j
somei~mos be represented hy n -nrmltolle exprt!.asion of the o::iwhqltc.~rm (R,.ferencP IM

ht . Vot -it

WI'ei~e: h - height of spray dome, feet

f = retardation coefficient. ft/s~ec

The proper value of f depends on such tactors as charge size, depth of burst, position
In the dome, and surface roughness. Physically, It represents half the decel""n:ion (if the
spray, which results from drag forces and ge'avity.

Spray dome diametert. Increase wlth InercasIng charen depth, and. since the heights
decrease, the dome profiles becumt. flatter. Ciinsequently, measurements of the shape-
of the spray dome have been used a4 a technique for determining the depth of explosiona..

The dome Is aurrounded by a region called the blavlt ring or dark ring. where 3mall
isolated jets or. spikes of water can be seen. The dark appearance Is an optical effect due
to reduced regitlar reflection of light by the ruffled surface, and varies with the position of
the observer. The dark ring Is a reiatiavuy stationary phenomenon that doue not change In
siri, i.'r a period of tnna after its formation (Rfleorence 11).

The same shock wave surface phenom,.ia are observed In both lIE and nuclear underwater
tests. However, for :iuclear bursts, Eqoatlons 1.1 and 1.3 become (Fteference 10):

P0 = 4.38 x 10s It~ (1.10)

and

8 = 2.27 YV'13  1

Where: Y = yield, kt.

A comparison of Equation 1.1 with 1.10 and 1.3 with ' shows that an underwater n, ',ear
burst with a yield of I kt produces the same peak pressure at the same distance as uwe deto-
nation of 0.667 %t of TNT, and produces the same time .'onstant at the samne distantue as the
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detonation of 0.757 kt of I NT a1teference 10).
Equation 1.10 is naot valid for values of Y' 3/lt greater than about 0.0016 kt''3/ft

ip1, 3.ti00 psi,-. However, peak prLeasures for posltioi,s closor to a nuclear burst may
hi' ialciilated front itifornintion given in ltMerec'e 17?.

0 The scaling of shock waves Is relatively simple and Is based -.* the principle that corn-
preqslb~llty aidl inertia forcca govern the phcnometia (sie Appendix). ronsequently, a
change In the lineatr sire of the charge by a factor k, means that peak pa' "miurea and veloci-
ties wilt oe'unchanged If dintances aind times are multiplied by the same factov 'RIeferences

9 9 and 18). For sphericu. TNT charges of a uniform density, t;;o cube root of th., rclrnrgi'
weight Is proportional ~'o thu radius and may be used as a linear scale'facjr. A conversion
factor must be employed for the ticalirg of TNT data to other explosive compositions or,
~am shown above, to nuclear bursts.

in practice, shock wave-induced surface phenomena are scaled In terms of the depth and
weight of the explosive charge, which may be expressed Lia the following manner:

Where: A.~ . redhiam. Ch~ari' depth for HE tests, ftWlb1 3

The following rciai:-v d&fnez the geometricrdl scmt. factu, In terms of hoth char%,; d~epth
and the cube rooit of 41,Lrge ..eight.

Ci) Ip /

Where: k, x length scale factor

subscript ro refers to the model

!ubvcript - iefers to 'he protctype

The Initial spray dome velocities calculated from Equation 1.4 cr,ouic he equal for chargcs
exploded at the same reduced depth A0 in free water If p and U ,re the same In all experi-
ments. Spray dome heights will not be the same because of the dependence of tOe height on
the retardation coefficient I which vokries with the scale of the experiment. Spray dome
diameters show approximate geometrical scaling for charp.4s of different weights fired at
the same A..

To dlmulitie the, ihock wave and the resulting slick, crack, and spray dome phenomena
of an undermaLt 4 nuclcar burst with HE, the'shock viave peak pressure equvivaence factor
must also be taken Into account, For example: .&seume that a 30-kt nuclear detonation at
a depth of 1.000 feet I3 the prototype. Since 20-kt of TNT would produce the same peak
pressure at a given dIstance as the 30-kt nurj~rar device (Reference 10), tha reduced depth
k~.. In terms of pounds of TNT Is 1,000/(40,(OtO,000)"', or 2.92 ft/lb"', This procedure is
vagid for shock wa~e peakc pressure slmlllt:.iýe only and Is not.a general mecthod.

For the comparison of different nucicxa, Zmirsts, geometrical scaling of the A't"'th of burst
will be indicated as follows:

AC (1.14)

where: A.,, X reduced chpr.'e dý-th for nuclea~r buirsts, ft/kt 13

If a charge Is exploded In uhplolv water, on or off the bottori.t the depth tif water as well
as the c~.arge depth snouldzee, scaJl'J pometri". Ily in order to obtain geom, trical similiiide
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of shock wave effects. Itowever, the free surface and bottom produce various aomplleating
effects o: the shock wave (Relerence 10,, whicn may-not scale gcometrically, particularly
,tl g.c"t dista.-,cs. if a charge is tired on a rIgid bottom that acts as a perf,.vt, retflector.

ite :h bik %.ive offects clobe to the charg;e sihouldi be the same as those pfioduc,'d by a charge
with double the energy fired In free water. In practice, the amount of reflection depends '
on the nfat" .-e of the biottomn and Is never complete (Reference 20).

Equation A.4 w-.z derived on the assumption that the underwater shock wave a..ierg-.,s
complete relleidon, is a negative wave, at the surface of the water. In reality, a snock
wave is transmitted to the air. However, the aisumption of complete reflection is generally
a good one for shots at a Xc g'e:tur than 2.0 1t/lb0 . The relative mnagnitudes cf the shock
waves are' g!vun approximna.ely by the following expression, which applier. .tu. j rustlc (low-
amplitude) waves (RferLtnce 9):

POW Pw Cw

Where: Po peak overpi is.ure in the ihock wave, psi

p Iiml)icnt der. ..- ,,u•/ft3

C - ambient spceu nr sound, fl/saue

subscripts a and w rfci to air and -..Mt"- respectively.

For example. a TNT explosion at a X. of 2.0 ft/lb1 13 generates an underwater shuck
wave whose peak pressure drops to 10,000 psi when it reaches surface zero. Eq'aation 1.15
indicatee that the shock wase transmitted to the air would have a peak pressure of about 3
psi.

As the air shock wave propagates upward and outward, a negative, or rarefaction, phase
develops behind the compression wave. The drop In air pressure that occurs luring the
passage oi the rarefaction phase results in adiabatic cooling and possibly tito ;orination ot
a condeneation cloud. This phenomenon is generally considered to be of secondary impnr-
tance. However, It may obscure part of the plume phenomena of Interest, as during Shot
Baker (Reference 21), or It may provide som.; Indirect Information concerning the strngth
of the air shock wave, as In Operation Wigwam (Reference 6).

1.4.2 Mass-Motion Effects-Deep Bursts. After the primaary shn•k wave i1 milttel by

a deep underwater e%ploslon, tht. highly nompressed gaseous sphere of explosion products
pushes the surroundine water nat•ward radially at a high velocity. The water is accelerated
outward until the gas pressure drops to the level of the hydrostatic pressure. However,
the motion rontinues because of the inertia of the water, and the bubble expands untii '.a
pressure excess In the water brings it to a stop. At this stage, the gas pressure is much
lower than hydrostatic prPAsgtre and the bubble contracts. It reaches a minimum size, at
which an abrupt reversal of the motion occurs and a pressure pulse is emitted (first bubble
pulse). The bubble continues to oucillate and mi,'gates toward 'he surface.

For the purposes of Uhs report, "deep" bursts will be defined as explosions at a great
enough depih so that the bubble complete: at least one oscillation before it breaks through
the surface. An explosion -,hat is so d ep thut the bubble breaks up or loses its identity
before reaching the surface will be called a "very deep" burst. Only bursts that are far
enough from the butwm so 1loat the bottom exerts nu influu-nee on the buhble will be c.).,-
sidered in this section. Howivee', the effect of the wa•-^ surface will be included.

In its first expansion, the gas bubble formed by a TNT explosion grows to the maximum
radius Indicated by the following equation (Reference W.):
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Am~tx 12.6 W(1.16)

Where: Amx maximum bubhble radius, cuot

Z7n total hydrostatic pressure at depth of burst, feet of watn-

Tho F~riod of the first pt. iation, frora detonation time until thc minimuzm r3a!iIus i
Iattained, Is given for TNT by (Reference 18):

Ta4.35-1 (1 ~..O.10 Ama (1.17)
Z$A c

Where: T, - first bubble period, seconds

(Mh last term In the equation Is a correction for the effect of tho water
surfa*ce.)

The water surro 'Ing the explosion is set into motion by the pulsation and migration
of the bubble. In tht, *s.3-.- of migration~, incompressible radial flow may be asswuned,
which Implies that wat ir vLi..cities donreasti Inversely with the square of tho dijgance from
the ecentar o')h , .A..I IL. ~ L' *:lull tiLO oS. Ia4..16 !ý w ;.lt: U1 .- "kId. the flow
of the water becomes inure c.-,inplex cand "' not Mdy understood.

Obncrration3 havc ahown that the fire' exp~ansion of a migratArng bubble Is unfeorn: In all
dIrectiG .t and reaults In a negligible displacement of th.o hubble center. However., becausec
of the difference between the hydrostatic pressures at the top and bottom of the expanded
b-ibble, the bubble collapse Is not symmetrical; the bottom part moves In faster than the
sides, And the sides move fa~ster than the top (Rteference 12). The bottom may Impinge
upon the top and penetrate the water above the bubble In the form of a jet. At this stage,
the bubble has the shape of a torous. but it ext~ands again Into a roughly svherical shave.

During the collapse and reexnanaion phases, the bubble moves upward. However, the
bottomn shows the greatest upward motion during the collapse and the top moves farthest
durin;g the expansion. The total motion of the bobble occurs during a relatively brief period
before anid -,(ter the time of bubble minimum.

T`he simulation of Uhc migration of a largec xplosion bubblc on a small scale Is a difficult
process. A depth of burst that :eads to the formation of geometrically similar shock wave
effects will usually not provide a true simulation of bubble migration and the ronsequent
plume effects. As a first step, It a..oms reasonable to keep the ratio of the depth of butrst
to the maximuim size ot the explosion bubble constant In model and prototype. This may be
expressed as a "submergence factor" (Rcfe-rnce 12).

*'max
Where: A.z reduced charge depth, or submergence factor, dimensionless

if X6 Is m, .ained constant for different charge weights, tile geometrical um-in.inraticn
&of the bubble and water up to the end of the first expansion Is reproduced. On the ether

hand, this dues not guarantee th-t the subsequent behavior of 'he bubble will te similar in
model andi protntype.

When~ Al i the explosion bubble bmacomcs t.uingnt to the original water su. lu...
attains Its maximtum size. At this depth, the wa.laver aboir 'he bubble slioui, not rupture
during the firs" bubble oscillation. Ho~ever, at somewhat shallower depths rupture will
take place. Cuns.qiuently. thib reference depth nay be used to define the tiauasition between
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"shallow" and "deep" hur~ts. Since c Amax ut this depth, it follows from Equation 1.16that•

c (c + 33)1'3 .1 12.6 'V'3 (1.19)

Where: 13 r normal atmospherin pressure, feet of sea water

Employing a binomial expansion, Equation 1.19 becomeJ approximately the foilo%,'*ng:
+8.25 . W/

c (1 -8.) 6 .6 9 W11 (1.20)

which indicates that for large values of c, the reference depth becomes proportlo:,al toW1/,.

A different system is necessary to scale the upward migration of the bubble during'its
collapse and subseqpent reexpnslon. If it is assumed that the only force acting on the
water Is gravity and that the only resistance to flow is that offered by thu inertia of the
water, the equations of enerr' and motion uf the bubble may be put In dimensioile-i. form.
(Reference 9). In order to 'n this, a characteristic length having the value (W1 /gp) 114 Is
employed, where W1 is the i er-rwv available after the emission of the shock wave.
Since W' is proportional to th t i.- weight W, and gp can be treated as a constant, the
followln scaling parametcr ce , '• efhied:

? ii.21)

Where: A." - reduced chargo depth, ft/Iht/4

Ma-ntaining the equality of ýcl" in model and prototype provides similitude of the pressure
distribution in the water surrounding Lhe explosion bubble. Since migration is directly
dependent on pressure distribution, it is seen that migration scales with W114. Equation

1.21 csn also be derived from the Froude number, since vrouae scaling is valid when graviy
and inertia are the only important forces (see Appendix). To obtain this result. Amax is
u,9d as a characteristic length and T1 Is used as a characteristic time (neglecting the surface
efffoct). In addition, the acceleration duo to gravity is assumed to be the same In model
and prototype (References 22 and 23).

If the criteria expressed by Equations 1.19 and 1.21 are combined, the following result
is obtaired (Reference 23):

U. = z.. (1.22)
Cp Zp

Mn expanded form, Equation 1.22 becomes

2M = (c + Pa)m (1.23)
cp (C + Pa)p

Where: Pa - atmospheric prassure, feet of water

Equation 1.23 shows that exact scalhl g of buhble migration is impossible with mode! tepts
con,.-ted under normal atmospheric sea level pressure. Similitude can be approachei,
however, and several possibilities offer themselves. For example, If charge depths a A
great, the'effect o0 atmospheric pressure becomes negl.g.alo and approximate nimilitu•d.
may be attabiod. Another technique is to conduct experimental programs in high-alttudo
lakes, where 7;o atmospheric pressure Is reduced, alti.'ugh reductions of only about 30
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percent in Pamn could be attained In thld mnanncr. and the practic~al difficulties would be
great. However,* the bubble migration of HE~ depth charges can be modeled successfully
by rcduciig the air pressure in a vacutun tu.Ak (Rteference 22). It Is also feasible to Increase
the hydrostatte prttmiurit In a nintdnl ti'st hy aceecrating the ter-t tank In tldjj case, t%-.-
accelcratlor is equivalent to increasing the magnitude of g; therefore, g becomes a variable
that must be Included in the scaling equations (Reference 24).

in practice, experimental difficulties arise In the modeling of explos --r phen'incna In
the labo.'atory, which mako the scaling problem more difficult than indicated L±bove. There
arise from sich causes as the necessity for the omploynt~nt of different explasives In model
and prototype. thc boiling of water at very low pressures In a vacuunt tatik., wallI effects In
tanks, the effects of surface tension In small-scale experiments, and the like. These are
discussed in References 22 through 24.

The approazch of a bubble toward the surface and Its arrival and emergence produ.-.a
violent upheaval of the water, which Is thrown up and outward as plumes. The upward
migration of an explosion bubble from the tine of detonation until the second maximum may
be estimated with tho following exproesson (Reference 23):

Most of the useful '~~isof the plume phonomona.! &' dv bi:rsts have been conducetd
with charges weighing; C0 p. -.atds. On the basli (if these tesit,. --."'' -on ciassalfied
as vertical and radial, the raidial plumes inuuuuding thn-' emer31n,& at any angle -vith I:.-
surface except a right angle (Reference 9). In some cameis, a relatively narrow vertical
high-velocity plume Is the first to emerge. This occurs when the migrating bubble arollapses
just beneath the surface and the rising bottom of the bubble penetrates the layer of water
above the bubble In the form of a liquid jet. The depth for maxdmum~ velocity of tfus type
of vertical plume Is possibly at a Xt of 1.2. After tho appearance of the vertical jet, the
bubble gases reexpand and push out at hemispherical mass of plumes that expand radially
ir, all directions. At de~ths of firing that areintermediate W-tween those yielding a narrow
vertIcal plume, the radial plumes produced by the expanding bubble arc dominant.

Since most of '.he migration occurs within brief intervals before and after the times of
bubble minima, the times of plume emergence tend to cluster around these times. Plume
times, therefore, Increase In a roughly stopv'Ise manner witlh increasing charge depth.

If a burst is sufficiently deep, the oscillations of the bubble will be damped out before It
roneihpo the surface. In this case, the bubblc may float upward at a cumist.)jt vulouity wid
producei rela!'.vely small plumes wten it emerges. At even greater depths, it may break
up Into sma'ller bubble,,s that nave little effect at tie surface. The scaled depths at which
these phenomena occur have not been established with certa±inty, but they probably increase
wi~th Increasing charge weight.

After the plumes from a 'leep undierwater explosion have, aubuided, a smooth circular
expanding patch of %vater remains. This rtppears to be, an u~romlling of water, induced toy
the emerging bubble. It has been tot med a "carbon slick" lit some HEl studied 6ee'auttu of
the presence of carbon fit the patch.

The bubble !oried by an underwater nuclear burst Is different In composition ano str'-ctre
from that formed by a conventIonal explosion. In the latter case, a gaseous sphere of raeationproducts '.a produced, and the bubble -nterface conjists of the same particles during the first
expans~on phase. A density discontinuity exists at the surface of the bubble.

in tie case of a nuclear explosion, the water wirrounding the brtIs vapor;& J and a
bubble of expanding steam is formed. Since water Is contincously vaporized while the bubble W
expands, the Interface Is transferred from oroe set of particles to another, 11he stirface of
the bubble is probably not sharply definvd, since the density of the moist steam at the
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interface should be the sune as that of the surrounam-, liquid (ltef':rence 17).

In Rteference 17. the maximum radius of the bul~ble formed by a 30p-kt nuclear burst I
(e~xpcted Wigwam yield) at a depth of 2,000 feet (Z = 2,033 feet of seti wate4r) was calculated
to be% 376 let-t. Assuming 0,at a relationship of the form of Eqitatlin M.r' kq also nppiiealilp
to t'iiiear explosions, the following equation is obtained-

Ailxý1,500 Z C' 23

Experimental evidence trom Operation W16gwant showed that a 32-kt burst, at a depth of i
2,000 feet, had a first bubble period of 2.87 seconds (Refurulive 17.). If the genet 11 relation-~
ship for nuclear bubble periods is of the same form as JFquation 1.17, the following resultV
is obtained:

515 Y'A
=(1-0.10~m~)(.6

For nuclear bursts, th, *ransitlona~l depth between shallow and deep bersts may also he
takpn as the depth at whirl, biQ-.%'l becomes tangent to the original watnr surface at the
end of its first expansion, a& .um.', as in the case of HI., that the bubble Is contained for
at least one oscillation. Sinc,. 'his transitional depth 15 rel.t:;ely ,6catt with n 'uel~'.r bursts.
the hydrostatic pressure du.. %. the ..tmosphire (.13 fee.) m~ay be negiaet~' '~'~I- .5
Setting Ama "r in thist modififtd equation, yields trio foilowing resu~t:

c -240 Y111 11.27)

Mei equation serves as a good approximation for yields greater than I kt.
An oscillating steam bubble loses energy In the same manner as an oscillating gas

bubble, but also loses mass because of thi~condensation of vapor. Consequently, the
U56.*fll "4'*%SjftA an aJ* -Mrln -.. !~ ***fS b'6 .. fl..

differently from a migrating TNT bubble after the first pulsation has ended.
For deep explosions, Equation 1.24 may be used for the migritiuoi. of a niutl..i-r luhl~lo

during Its first oscillation. The subsequent bubble migration, periods, and maximum radii
may be calculated with methods given in Reference 23.

The Wigwam results and data obtained with steam bubbles in the takboratory indicate that
a nuujear bubble probably exists only through three pulsations. Reference 23 establishes
a depth at which three coinplet.z bubible cycles are possible as the transitional depth between
deep and very deep nuclear explosinns, This depth is given as:

C . 600 ylA 1.8

1A.L. Mass-Motion Effects-Shallow Bursts. When a uhaijow burst occurs. a spray
dome isfrmed, but the mnass-motion of water produced by the expanding buibble gases
follows closely balhind the snock front and the ris!..e dome Is penetrated rapidly by a wa,
column. It !a difficult to distinguish one effect from the otber in the early stages, sancu
there Is no marked discontinuity In the motion.

As in deeper bursts, the expanding oubble causes an upward and outward acceleration
of the water surrounding the explos. 'n. If the burst Is shallow enough, the 1.yer of water
above the charge ruptures while the gases are at a high i'ressure and ame -':jioslon pr'Aucts
are released to the atmoephero. For these very shallowv TNT explosions, the blowout o-
outward venting of the content,. of the bubble produces a dark smoke crown that erptindb
rapidly (Reference 1). Although the internal pressure is reduced by the bi-aw"at. the water
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F.

:t thie sides of" the bnlbble contilntles to Iiove outwtard because of its inDlt 'I. 'T'ie rsutta:It[

::lltion olk zuJ .1 Ve,-dlai C4111oi1U1.11, %%fiie!' riSVS and| iInIUtIrat.s the •a1 ,•i(he ,,,. Tho co till'ild

explUlSlon of the water re..-alts in ;ui oUlderpl':• tre in the gases within the columni. At this
snt~e. litke 1.1iiaa, water at thle top of t;IV coihii ill ib linibiled igm,41id 1,,. *itiiim.Jiwl i In ,-ebul V. llC
old coivo',.ges to forna a e Vertical Ilquid jet that rises \i'ell-above tie nmake crow'm. The jet
ear'lles the smoke "oad spray aIt the inside of the crow•" upwarid. sometimes forml,,g 4 :*ing
Vort'tX In t. t'CrOWn.

If ti-e water above a sIhallow e.xplosion has not ruptuiud by the mtle Iie iubi I px ssure
drops to atmospheric prussure. the water blhIud start io Jecelerate., and bloout will not
occur. A water columr, :uid jet will be inrmed, but no smoke crown will I,- produced. In
a TNT expIosion at tids condition, the jet may have a dark appearance, Indicating the prcs-
nce of cai ilx)n.

It Is clear that the relationships lIxtwcen bubble pressure, depth of burst, and atmospheric
pressure are important for deterinhing thr nature of the surface phenomena of shallow
underwater bursts.

'The adiabatic relation for the gaseous products of a rNT explosion Is givun as (Reference
9):

Where: lPn - prcssuare of gut in bubble eetol eo .a water

W - charge weight, pounds

V = volume of gas in bubble, ft'

Setting PB equal to one atmosphere (33 feet of sea water) and solving for bubble radius,
A, yields

A- 1.I W -

if the hahhliu raillH Is Ieqtal to the depth of burst (A c), it follows that

c = 1.71 WIN (1.31)

and
Ac 1.71 (1.32)

Ifc the scaled depth at which bubble pressure Is equal to atmospheric pressure when the
bubble gases reach the original surface level. On tids basis, the ratio of bubble pressure
to atnio,,pherWc pressure, when the bubble gases rise above the original sueface, is constant
for all charge weights at the same scaled depth Ac.

The radial growth of the water column ,)oduced by a shallow burst should depend u.on
tne difference between atmospheric pressure and the pressure Inside the column and on the
inertia of the water. For this type of nhenn'enon, the length and time scale factors for
the motion are the same (Appndix). I the cube root c! .ht:ru weight (WI/3) I.; .rmnl•y d
as a length and time scale factor, rallua-versuh-tlme curves for the growth of columns
from charges at the .sane gaormtrlc'ily-scaled depth, Ac. should agree,.lf all radii and
times are divided by %V'12 . This scaling method I.- substant!',ecd by liE data, except for
late times when the column breaks up into spray.

The maximum column diameter Dmax hat h•' ., measured on a large numbe, Af tests
using TNT charges ranging front 10 to 4,200 pounds in weight (Reference 1). It is a relatively
reproducible dimension, and is a function of W" for bursts at a constant A.. The.following

27

CONFIDENTIAL

04



, *' . . .. •. S•,s;•. ._ •• • •,•• -, -

!

two equaitions show this dependence; Equation 1.=1 is for explosions at mid-depth and
Equation 1.3,1 In "1or explosions on the bottom.

Dmax = 6.75 W' 3  (1.33)

(valid for Xc = 0.26 ft/lbl")

Dnax - 8,01 W 14 Ad 0'1 6

(valid for 0.25 <Ad <2.22 ft/lbt4)

Where: Dmax = maximum column diameter, feet

d- rdu:ccd water doptfh, for bottom explosloot.,, [tilbill

The mechanism of rupture of the layer of water above a charge, which results in a blow-
out of detonation products, Is not fully understood. If this precess scaled geometz:'cally,
blowout would always occu" at values of Xc less than som3 critical value. For HE tests,
the presence of a black si . crnwe at early times is considored to be evidence of blo%-
out, and photographs of cha. :s ¢,t-ching up to 600 pounds show a possible critical A,
around I ft/lb"4 (Reference .1. However, there is coote ev!dence that blowout will Gnly
occur at smaller values of A, ft - iw gr,.-r charges, and the phenomena In tte -"':c•' "pth
region require further study. A po.F.alble expluitwt•,:. oeu this Is fount: in tL. :huory of Insta-
bility (it~eerence 14). According to this theory, bibble gases will penetrate the layer of
water above a charge only while the laycr Is being accelerated upward. The rate of pene-
tration is proportional to the wavelength of the disturbances In the layer. The actual explo-
sion process is doubtlessly more complicated than the process treated In this theory,
however, due to the presence of the dome, cavitation effects in the water, turbulencu,
thermal effects, and the like. In addt.1lon, the wavelengths of surface disturbances may be
Ltmragly Uav swaIA Usi vA4JlvaIU4I or JL"ull; 11,18wI N ~.Iaudev. At, .1 suuij,&. Zhue pAJIu1L44LoI Ut the

thick layer of water above a large charge may take longer, scalewise, than the penetration
(f the thin layer above a small charge at the same Ac. If this occurs, the bubble pressure
in a large bubble may drop below atmospheric pressure beWore rupture takes place, and
blowout will be peevented.

Shot Baker In Operation Crossroads was the only shallow underwater nuclear test avail-
able for study prior to Operation Hardtack and has been used for the development of nucleat
prediction methods. Since a well-developed cauliflower cloud was obscrved during Shot
Baker, it is believed that a bloveut 3( dvtonation (fission) products occurred. Using a
radlochemaleal yield of 23.5 kt and a depth of 90 feet for Baker gives a A, of 0.249 ft/lb's
or a Ac of 31.5 ft/ktI' . Equation 1.33 predicts a Dmax of 2,440 fceet for B 'ker. The
observed value was 2,030 feet, which implies that the Baker TNT equivalence, In terms of
column formation, was 13.6 kt. Accordingly, for nuclear bursts scaled to Shot Baker, the
following expression has been employed:

D = 710 Yl" (1.351

(valid for A. • 31.5 ft/ktt11)

if the sume equivalence factor is valid for shallow bottom shots, the following expression
may be obtained from Equation 1.34 for bottom bursts:
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=ma 377 y1/3 Ad0o" 1.36

(valid for ;' >3. t/kt 4/; lI~ j

This equation is possibly valid for ali shallow depths, as Indi'iated. Although Dmax
sces geometrically In terms of X, the transltioit from shallow to .Jtvep !k'zrsts does ..a!
occur Nt tlhý. same A for all charge weights.

Tho maxim, m overall heights of the surface phenomem. uf shallow bursts scale g'.-
m netrically In the same man~ner an maximum column diamiters over the razyo of weights
studied (21 to 4,200 pounds). The expressions for the maximum height of tho central
liquid jet are (Reference 1):

JUL - 5..R W ~ atmddp (1.37)

(valid for A0 -- 0.26 ft/lb'~a idph

04.9 W1/3 Ad 0-3 (1.381

(v4.~d for 0.1 < Ad < 1.1 tt/lb'.', bottom shots)

Where: Jmax - ma-i rmat jy.t height. feet.

T~h.ro I.- c-didcncc that small HEC charges proJlizt th. lilsuist juts id u Ac of about 1.1
it/lb"'.

Theo technique of using the ratiu of observed nuclear to~extrapolatod TNT values may also
be applied to maxdmum jet heights for prediction purposes. However, as there is little
phy&rical basis for this method, the resulting equations are considered to very Approximate.
'There was no central liquid jet during Shot Baker, though a hollow white cylindrical plume
was observed rising Above the cauliflower cloud. Maxidmum lot heights arc determined by
initial jAt velocity and the retardation of the jet due to gravity and atmospheric resistance.
Since the observed jets are ofte 'n multiple In nature and inay be different in structure, which
leads to differences In breakup and retardation, It nay be purely fortuitous that geometrical
scaling holds for small HE charges.

Equation 1.37 predicts a maximum jet heighI. of 23,800 teat for the Baker condition. The
observed maximum height of the white plume wis 8,000 feet. Assuming that ;his ratio is
generally valid fur shallow nuclear bursts, tho !ollowing equationa :uro obtained:

imax 02,800 Y1'3ý (1.39)
(valid for A.2 31.5 ft/ktl")

imax = 1,200 Yin4 Ad "NW (1.40)

(valid for 12.6 < Ai < 39 ft/kt1 '3)

1.4.4 Base Surge. The column from a shallow burst and the plumes from a deep buest
both break up -into s-pray and collapse to form a toroidal cloud called the base surge, whichm
expands radially along the surface of the witiur. The surge consists of spray droplets, with
entrained air and explosion products, and behaves initially In the same inanwar..
homogeneousi fluid.

In a nuclear burst, part of the radioactive fiabion debris becomes intimately mixed with
the water droplets in theo visible base surge. %V.ýen the water evaporates, the fission produets
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remain as -.n Invisible- cloud or aerosol that continues to expand. Thu term "base s~irge"
applies to b~oth the visible aid Invisible clouds.

.t Is convenienti to consider the surge behavior as consisting of three stages. During
tlie firý.t. or gravity flow~ stage, the suryu doets nut mix~ appre;ciably with thc ainhict *

atr..ss~ueDuring the second, or mixing, stage, the surge jngulfs ambient air and the
tiou% i-j grau'tally retarded. In the final, or diffusion, stage, the surge has lost its kinetic
energy and lias beu.%tte a cloud of fine droplets, which drifts with the wind. Cht,:v Is
prob~ably a slow growth due to eddy diffusion until the surge can no longer bo ider~tificit.

During the first stage, the main forces governing the surge fluw are gravity and idertla
(Reference 4). Consequently, the motion at different scales may be reduced by tl'v use of
Froude scaling parameters, In which the time scale factor is equal to the square root of
the length scale factor (Appendix). In shallow excplosives wor%. the maximum column
diameter Dinax has been used as a characteristic length, and surge radius-versus-time
data has been reduced by dividing the values by Dmax and the square rout uf Dmax respec-
tively (Reference 1). Reduced curves for the base surges are similar for eharges weighing
from 100 to 4,200 pounds at depths geometrically scaled to Shot Baker, arnd on the bottom
at sealed depths Xd rangi "'ant about 0.26 to 1.1 ft/lb"13.

Prier to Operntion Hara. ", I, tohot Baker base !surge was used as a prototype for
shallow underwater nuclear I ~rstz, Alnce sealed liE surge radius-varsuB-time data did
nut agree with the nuclear data . i~~tincs. t'or other yilt... aitu ,kicp~. inaxi~nuri cnhin,.
diameter was predicted with tLquitli. 1.35 or I 1' The predicted Dm" .- P.~. -,- root
wvere used to convert the scaled Baker ti~rgeP rnrjlhim-tlme data to the 'values for the expected
burst conditions (Reference 1).

It wasn assumed that the Wigwam serge vivA typical for deep nuclear bursts, and rough
estimates of the surge dimensions tor other yields were made by using the cube root of
yield as a linear scale factor.

HEr test data shows that the air entrained by the water droplets in the base surge is
enoled to the RmhIont wst-hiilh tsmpprntllro by the evaporation of the droplets tReofrenco 2).
The surge Is, therefore, cooler and more humid than the surrounding air and can be detected
with tempoerature -humidity Instrumentation. As the surge mixes with the ambie'nt air, Its
temperature and humidity gradually return to the ambient level. Tite rapidity 01 mixing
depends on the degree of turbulence In the base surge and the mechanically and thermally
Induced turbulence of the atmosphere.

In HE tests, the base surges -evaporated In relatively short times, ranging fr'nm about
6 secorntiý for shallow 100-pound shkutsi to about 30 seconds for shallow 4,200-pound shots
(Reforence'l. The surges front deep .1110- pound TNT shots were brief In hinratlon and were
so tenuous that they olten were not measurable ont photographs.

The Shot Baker brute surge was large enough to lift the amblent air to its condensation
level, whtich naused the formation of new clouds. At the same time, rainfall developed lit
the surge, and much of the original material was probably removed by this peocess '(Refer-
ence ~Z; The clouds formed by the explosion wore visible for over rut hour after the shot.

The Wigwam base surge, which was smaller in size and probably less dense, became
Invisible from the surface about 4 nminutes after tne shot (Reference 6) as a result of kus,
evapo.-ation of ' Iiu liquid water droplets, though the radioact!Iity It carried was deteetea
downwind between It + 13 and It + 22 minutes (Reference 26).

1.5 TrST CONDITIONSI

Mhot Wahoo was a 9-Mt (+ 1,5 kt, -0.5 kt) device firej at a duepth of 500 feet in wateu uoout
3,000 feet deep. (The yields used In this report are tl'ose considered most accurate as of
6 January 1960 and not necessarily those currently considered as best estimates.) 'Che

30

CONFIDE NTIA L



detonation occurred south of Eniwetok Atoll at 1330 local time on 16 May 19S8 at a pVsition
zbout 3 nzutical miles west of Site Glenn (Igurin Island). Shot Umbrella was an 8-kt (+ 2.5 kt,
-1.5 kt) device fired on the bottom uf Eniwetok lagoon at a depth of about 150 feet. This deto-
nation occurred at 1115 local time oni 9 Jiuii 1958 at a losion, About 2 n4t:1ij'dl nwile's north-
northwest of Site Glenn.

Shot Wahoo was In the category of deep bursts (Section 1.4.2). The Wahoo bubble was expected
to ,selliatp once before breaking through the surface. Shot Umbrella was a 4hallow `,:.it
(Secticn 1.4.3).

The 150-foot depth indicated for Shot Umbrella Is nominal; the .xact depth at toe point of
burst wan possibly 148 to 149 feet. The bottom surface was Irregular, ranging sroin 134 to
150 feet in depth with'n 300 feet of the device (Reference 27).

The meteorological and oceanographic condttions reported for the tvo shots are summarized
in Tables 1.1 through 1.3.

TABLE 1.1 SURFACE WEATHER OBSERVATIONS, SHOTS WAJiQO
AND UMBRELLA

Shots: Wahoo Urnbrdllt

Sea level pressure, mb 1,013.1 1,010.8
Air temperature, 'F 87.5 88.0
Wul-tulb mlpiea~riluzu. IF 77.3 1,u
Dewpolnt temperature. *1' 73.0 72.0
Relative humidity, percent 63 63
Wind direction, degrees 090 ID50
Wind speed, knots 15 20
Visibility, miles 10 10
Cumulus clouds:

Amiunt J.3 o,.-2
Base altitude, feit 2,300 2,000
Top l•ultudu, feet 4,000 4,000

3 1

CONFIDENTIAL

":M 6]77WT77 77



T%.L•i-. R. iAI)I(OONDI- A,;:) UP'It:l WINI DATA. SHOTS WAii)' AMID U."IlmutiFLA

Wind Wind iTue latih.e

Ideigh. Direction Speed 'nure Tempvratur, lity

feet .. grvvs knotb mb F

Shmt Whoo:

Suriacc 090 15 1.013 87.5 63

390 - - 1,000 I9., 70

1.000 090 19 -

2,000 I •U 19
2,95.1 - .13 66.6 q4

3.000 090 17 -

4,000 k'90 15 -

4,212 - -74 0b.3 49

4.967 - 851 G2.2 -

5.000 0 11 - - -

5,010 - - t5SO 62." 71

Shot Umbrv'eIIa:

Surfaco 050 .10 1,021 $..O
310 - - 1,u00 76.1

1.000 050 23 - -

2,000 060 :t - -
2,984 ..

1,000 070 21 - -

4,000 00 22 - - -

4.200 - - 873 67.8 65

4.940 - - 850 60.6 36
5,000 080 24 - - -

6,11A - - A4s MA 219

TABLE 1.5 OCEANOGAt-4liH'. DATA. SHOTS WAHOO AND UMBRELLA

W:,hoo Umbrella

Surface water temperature, *F 82.0 82.0

Surface current direction, degrees 302 -

Surface current speed. ,knots 0.46

Surface sound velocity, ft/sec 5.045 5,050

Surface salinity, parts per thousand 34.71 -

Surface density. slugs/ft
5  

1.98 1.9d
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Chwteur 2

PHOTOGRAPHiC PLAN

2.1 GUIDING PRINCIPLES

Although all of the visible surface phenomena of an ,nderwater nuclear explosion are of
sctentlf.i!{ and practical interest, the scope of Project 1.3 was lim!ted by budgetary consid-
eratlonb and it was not possible to measure all of thu curface effects with the desired degree
of precision. Therefore, it was decided to emphasize 'he recording of the ,'isible phenomena
associated with init'al radiation and the spread of radioactive contaminants. Such information
is currently of vitt. portance in the development of naval offensive and defensive tactics.
Together with radiolok ,cat .ta, it can be usuc to determine the safe standoff distance for
a vessel or aircrft .:llivering a nuclear weapon; it , 1 uo provides an estimate of the size of
the hazardous ar.-a.

In preparation for the two ohots, prc,,•,,s.... -oro riade concerr.1 .; the times of appear-
ance, rates of growth, and maximum sizes of the expected surfaco phenomenL. The results
of Operation Wigwam (Reference 6) and Shot Baker in Operation Crossroads (Reference 21)
were scaled to the conditions of Shots Wahoo and Umbrella, respectively, according to
scaling laws ustublished with HE. It was assumed that the fallout and. base surge would he
carried downwind at the speed of the wind and would be visible up to 30 minutes after each
shot. For planning purposes, it was also assumed that during each shot the wind from the
surfacc up to 10,000 fcet would be b•,wing r'om T,," Teuu ,t a nu utl ;1 Khu.b.

Personnel of Project 1.3 preparud and submitted a photographic plan, which included
adequate backup camuras uo that partial failure would not hamper the analysis, and which
also provided extensive downwind coverage with overlapping fields of view. A coordinawed
technical photographic plan was then prepared by Edgerton, Germeshausen, and Grior,
Inc. (EG&G) for Program 9, which had the responsibility for consolidating the requirements
of the various interestod projects. This was done for the purpose of eliminating duplication
and reducing costs and effort,

Camera stations were established at the Eniwetok Proving Ground (EPn) by EC&G.
Camera timing was accompIshed with 200-eps or 12.5-cps timing dots, clocks, and Inter-
valometers. A radio-transmitted fiducial signal was placed on the high-speed (l,00O frames/
see) camera records to Indicate the actual time of detonation.

2.2 CAMERA LOCATIONS, SHOT WAHOO

For Shot Wahoo, surface camera stations were ebtablished on Site Glenn (i.,zn Iqland),
on two vessels (LCU-479 and DD-728), and on a 300-foot tower on Sit6 Elmer (Parry
Island). Figure 2.1 shows the l-cations of these stations in relation to surface zero. Two
of these stations, Site Glenn and tle LCU-479, wcre unmannect, while cameras a. the other
two stations were manually aimed. Camera and lens data and other pertinent C.ta u , ,.
surface camera stations are given in Table 2.2. ',he si•gle caruora on Elnmor az',,,trently
started late and yielded no record.

Camera sttions were al1o located In four ai.cralt: one RB-50 "nd three C-54's.
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* -tinent caniera data for the aircraft ca;cra stations is given in Table 2.2. These cameras
all manually aimvd. The RB-50 flew at an altitude of 24,000 feet in a figure-8 pattern
i..rface zero. The three C-54's flew at average altitudes of 1,500, 5,100, and 10,6K

* .11ajý, LLu) rtuý% inI ucILC* 4UoutL4 &f~t; ew w~ .,Iuj r 7 t" 10 iminulcz ~t!t
ructrack patterns approximately upwind or crosswind of the expected surge drift.

Figures ".2 through 2.5 show the horizontal flight paths of each aircraft. These figures
show surface zero -and the ho~lzontal plot reference point (labeled "Center of R., 4 'r Plot")
as two distinct pnts. This distrepancy apparently was due to a change in the sirfacj zero
coordlnates or the tse of the wrong coordinates In setting up the r'adar system. On Figure
2.5. only the portions of the flight path where the cameras were facing the explosion phe-
nomena are shown.

Slant-ranges from surface zero to the C-54's were comptted by E&C,G from the horizontal
flight paths and average altitudes, and are listed In Table 2.3. The altitude of the RB-50,
as computed fiui Uic r:adar tracking data (Brush recorder re.ords), Is given In Table 2.4.
The altitude of the RB-50, computed from photographs when the aircraft was dirently over
surface zero, using known distances of ships in the target array, was only 0,5 percent
lower than that computed f - f'ie Brush recorder data at the same time.

Position information for '...s :s vessels In the target array was supplied by Program
9 (Table 2.5).

2.3 CAMERA LOCATIONS, SHOT UJMBRELLA

For Shot Umbrolla, surface camera stations were located on Site Glenn, two vessels

tLCU-479 and LCU-1123), and on a 300-foot tower on Site Elmer. The locations of these
stations In relation to surface zero are shown In Figure 2.6. Except for that on Site Elmer,
"all surface camera stations were unmanned. The surface cmnera information Is summarlzed
In Table 2.6.

Camera stations were again located In four aircraft, which flew flight paths similar to
those op 3hot Wahoo. The RB-SO flew at an altitude of 24,000 feet and the C-54's flew at
nominal altitudes of 1,500 feet, 9,00 feet, and 10,000 feet, The aircraft cameras were all
manually airmed. The photographic data is given In Table 2.7. Horizontal flight paths are
shown In Figures 2.7 through 2.10. On Figure 2.9, the times shown were obtained by i~&-
tcrpolat!ng between marks placed along the flight path' plot by the controller at I-minute
intervals. Normally, these marks were used as only a rough ir~dicadon of elapsed time
along the flight pa±:m and as a eneck on the time mam'ker sy:stem. Om the pl(k, however,
comparison with the timed photograpluc r'vords at points along the nilght path ohowed that
these marks were more aecu-ate than those supplied by the time marker generator, which
apparently was not functioning properly.

Because no Brush recorder records were obtained on this shot, slant ranges for the
C-54's were computed from the nominal altitudes and horizontal flight paths by EG&G
persoa-=1 and are giyen In Table 2.8. These slant ranges were checked, where possible,
against ranges calculated from the timed aerial photographs and were fourA to agree within
11.5 percent. Radio altimeter :eadings were racorded by a member of the ltB-50 cr-w
and are listed In Table 2.9. Tab!: 2.10 gives the distance and bearing of each vessel in the
target array relative to surface zero. These values %ere obtained by EG&G from a photo
mosaic tUken about 30 minutes prior to the tinse of the shot.

2.4 ACCURACY OF PHOTOGRAPHIC MEASUREMRNY.35

Nearly all the analysis ,f the photographic records was done by EG&G at Boston, Mass.
T.he original data will be published separately by EG&G (Reference 28). Pnotogrammetric
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scales on the records wcre established by using the distance be'tween ca.,iera and subject
and the calibrated focal lengths of the lenses. The camera-to-suiiject distances of surface
stations were obtained from photo nmosaics and surveys and are accurate to within Ii per-
cent. Lon cLdibrations were pertornied at EG(;&G .And -r'e accurate to •),01 percent.

Measuremefts were made on tm:e or!ginal films at E•&G ucing . microcomparator and
the lata were reduced by means of a Buiroughs computer. Some menisorements were also
made with a light table and a Bausch and Lomb hand magnifier.

Some measuremnents were also made by Project 1.3 persontiel, At NOL, riecasurements

wpm made on duplicate positive prints of the 35-mm recoris using a Telerd•cex, mana-
factured by Telecomputing Corporation, North Hollywood, California. M.11tional measure-
ments weu uobtained from tracings made on a modified Recordak microfilm reader and from
contact paper prints of the 70-mm records. Moviola Mim viewers were used at both N01,
and EG&G for viewing the 35-mm film and obtaining arrival times. Neither establishment
had equipment for viewing the 70-mm films.

As the measurements of surface phenomena Involved a certain unouit of subjective
judgment, spot checks of the work done by EG&G were made by NOL personnel. In addition,
EG&G checked sot -f its measurements for observer error b,- having more than one person
measure the same p. ,or.fnm.& it on the same record.

Shrinkage of the o .ginaJ .Irm, which can amount to 0.5 percent, was neglected' In the
phutogrAmniatrIc nwan. r.2 nt&. In addition, Anf uflddwrminail:u .. " . 1 kpduewl ;18
making the duplicate copies ( t 35-mm fW! .% inrd, used for t*e UAW.,, .. At NOL.
However, it is doubtful tha til, ,ourcu of error was more serious than those introcuced
by uncertainties In camera distances and poorly or Irregularly defined phenomena.

2.5 RADAR POSITIONING AND TRACKING OF THE PHOTOGRAPHIC ALICRAAT

Positioning and tracking of the four photographic aircraft used on Shots Wahoo and Um-
brella were carried out by Program 5 personnel. Four M-33 fire control trArkivi! rndrnp
systems, which had been modified for positioning and tracking experimental aircraft, were
nsed to control the flight paths and to obtain aircraft position-versus-time data. These
modified M-33 radar systems have a range of about 60 miles and are capable of providing
posltiu:v-versus-time data with an accuracy of *200 feet.

On Shots Wahoo and Umbrella, each photographic aircraft was tracked by a separate
radar, which was locked on the aircraft to Lessen the possibility of shifting targets. (Radar
beacons, to prevent such target shifts, were not provided for the aircraft, although they
we= 'aquested.) The position-vreius-time data was recorded In two different forms: as
a plot of the horizontal component of the fliVhL puth relative to a preselected reference point
(in this case, surface zero) and as Brush recorder records (obtained on Q-ot Wahoo only)
of aircraft range, azimuth, atd elevation relative to the radar van. The slant range of the
aircraft from surface zero, necessary to analyze the photographic records, cold be",'v,,iuted from either or both sets of data,

Positioning of the aircraft was accomplished by means of the horizontal flight path plotter.
By noting the position of the plotting pen relative to a scaled drawing of the pln..- d f1!ght
pattern on the plotting board, the controller for each aircraft could detect and correct, by
radio communication, deviations heom the planned flight path. Tril runs prior to the tests
enabled thie controllers mid pilots to execute the planned llignt paths with considerable pre-
cision. Slant ranges to su-faee zero obtained fr'mm the horizontal flight Vn1t,. .'
recorder data, and by scaling known distances on !he photographict icords, all -reed to
within t 1.5 percent. Angular measurements from the same sources agreed to ; Is. These
errors were approxima.tely double on portions ef the flight paths where the ot-Iginal plottinr
scale had been reduced in order to keep the pen on the plotting board. Such portions of the
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flight paths "re noted on the appropriate figures.

2.6 OPERATIONAL AND PIIOTOGRAMIJIC PROBLEMS

mTh technical photographic- effort was a marginal one, because only limited equipment
and'-npower were available. However, a considerable amount of useful data was obtained
because of .we fortunate circumstances: thc light cloud cover.and the avallahiliti of Prof:am
Sradar equipment and personnel.

The aircraft photogr'aphy was planred on thn expie.tftion of more than 50-percent ,loud
coverage ai low levels (2,000 to 4,000 feet): therefore, the possibility existed that ',nly the
C-54 flying at a 1,500-foot altitude would obtain complete records. In the event that the
plumes penetrated the low cloud layer, the higher C-54's would record plume height-versus-
time dntn at levels above the cloud top-s. In addition, the two ilghcr C-54's and the RD1-50
would obtain photographs of the surface only when they flew over breaks In the clouds.

Because only scattered clouds were present at low levels on both shots, the three high-
altitude aircraft obtained more extensive coverage than was anticipated. Thil was particu-
larly fortunate, because thl. surface photography proved to be Indequato for determlifdng,
the overall movement of L ýes surge for more than about 2 minutes on Shot Wahoo and
I minute on Shot Umbr•'lla. kta .Ibo furiuuate that Program :'s radar equipment and
personnel were available at .:PG tor positioning and li*'^ckin', the photographic aircraft on
Shots Wahoo and Umbrelia.

On Shot Wahoo, 41 eahervs worv used, scvun of ,,:,l~h were color doeu:...titarles and
had no timing. Two cameras failed to operate and yielded no records; one of these was
the important 500 frames/sec Fastax In the RB-50. Timing failed on one recorý; one
camera started late; and the four 70-innm cameras located in the aircraft were not cleared
of the fogged leader, which resulted In thu loss of the first I to 11/2 minutes of these records,

On Shot Umbrella, 46 cameras were used, seven of which contained color film and had no
timing. Only one camera failed to operate. One record contained no timing; on another
rccord, Uhc n do' .3 aperdonl arvtiq Aim . twa udru Q1 tine 1Mi. Twu eazntirus
started Into. Individual records were also beset by such problems as poor resolution,
distortion, erratic camera speed, utd ahutter malfunction. For exanplu, thu imures on
Films 52263 and $2281, which were to be used for measuring the downwind notion -,( the
base surge, were so distorted that they w,'l'l nut measurable. The reason for this has not
been determined,

Probably the greatest photogrammotric problem encountercd in the analysis of the Hard-
tack data arose In efforts to determine detailed base surge contours. T.his proved to be
impossible with the limited surfa',e PhutogTraphv ant the only photographs possibly suitable
for this purpose were the 70-mm, Maurer records obtained on the aircraft. However, these
did not provide continuous coverage of the entire surge clouds, and the distortion of shapes
on most of the available prints made It lm),,au'tiuable to attempt to rectify the images by
conventional methods. As stated in Sections 3.6 and 4.6, it was decided to measure only
the maximlin surge diameter as seen front 'he photographic aircraft because of the effort
required to obtain complete rntourt, A few contours wore obtained from the RB-50 records
on both shots when the aircraft was directly above th - surge.

The contours are of particular importnce In the unalysis of radiological data. Since a
base surge is usually extremely Irregulir, the time oi* arrival at a station cannot be obtained
accurately without detailed knowledge of its shape. (It would be desirable in future tests to
have most of the photographic aircraft, spý.zr-or a tew miiuws apart, fly figure-8 pattoi os
directly above the base surge. With cameras aimed ve:'tvally downward, the Qtlrge, W-, :
also the fallout and roam patch, could be accurately mapFd. An idreraft at a safe distance
but at a low altitude, such as 1,500 feet. would also be .-eeded to act as a peneral backup
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and provide details not visible from surface camera stations.)
Another photogrammetric problem arose in the analysis of photographic records obtained

on floating platforms. Un these . coords, nearly every frame required a correction for
.ae.-ra tilt and horizontal shifting ot tne optic axis, In some cases, fL'cd refcrdncc points

were ohritared by the explosion phen-niena, and quantitative measurements could not be
',btf'-ed Lnzcaacc the motion of the camebra was not known. (slwiud ht:diuns should be utilhzei
to the maximum possible exte.,t in future work of this nature. The data .-.)in t::.%i fixed
stations oan be anadyzed quickly and can serve as checks on the less accurate results obtained
from floating, or airborne stations.)

On Operation Hatrdta.k, an Ideal site for an island camera station (Site Kclth) was passed
up on Shot Wahoo in favor'of a moored barge, because the barge station could be used aga:,
on Shot Umlbrella. Although this probably reduced cobtt In the field, it Increased the cost
and, effort in the analysis.

The color docimentarles would have proved more valuable If timing had been provided,
since some phenomena were more distinctly seen on these records than on the black-and-
white photograp4hs.

It would also so' - desirable to utilize F-56 cameras at the surface stations. These
proved to be invalu, on :p.:ration Wigwam. They are not only useful for measuring
relatively slow phcno= .una, .uch :s the base surge, but, because of their ccoileint rejsolu-
tion, are heloful in esca'1Rith hamtra dlitnites and pofitn t o vf e•.-it". They
are also useful for roeu'alihbitng times -" Intorr.,pted record..

The 70-mm camera, u",d In Operation Iluldtuck ,•r binullur and lighter thtan thu F-6•,
madkng them mcre tultahle for use In aircraft. However, the F-56 records are much more
readily anal)- 'sd,

It s!hould If golh-ted uut that the 70-mm cameeras had not been fully tested and evaluated
prior to their ut- ,,', Operation Hardtack. The lack of experience with these cameras
probably accounts .or the failure of personnel to clear the leader on the four aircraft Maurers
used on Shot Wahoo. The shutter malfunction on the RB-50 Mauror on Shot Umbrella ar.-
the distortion of phenomena on the surface Huichers, which were aimed doiwnwind of surface
zero, could probably have been avoided If operating personunel had tried these cameras
under similar conditions prtir to the te's.s In addition, the 70-mm records showed evidence
or film sllppage, a result that gii;at! reduces the value of the cameras foW technical
photography.

In general, the best results were obtained with cameras that had a prior history of
successful technical use. It Is eRanntlal that all now techniques and cameras be fully
evaluated and tried under field cn't~tlons before their employment on any experiment
as un!que as a nuclear test.
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• T,\II~rmI.E: 2.1 ALoTITUDE (OF' SIM-O,•1 ' WA\II0o

Time 1,4 referenced fio ...... ,,) cro llme. .lItwltus %1. lr'e ci A iLed l l|lS

Brush recorder Idata.

man and ke feevi min and see 14'v' mini 'nd bee fIet

'I Ime 24.250 7:20 24,050 15:40 23.950
0:10 24.070 7:40 24,150 1M:00 23.9"',
0:20 21,030 8:00 23,840 16:20 23.8)0
0:39 24.160 8:20 23,980 16:40 23,340

0:40 24,170 8:40 23.840 17:00 :4.060

0:30 24.180 9:00 23,730 17:20 .3.940
1:00 23.980 9:20 2,m'sn 17:40 23.990
1:20 24,.00 9:40 23,G50 18:00 24.200
1:40 23.8101 10:00 23,0o0 18:20 23,900

2:00 23,850 10:20 23.880 18:40 24,150

2:20 24,210 20:40 24,03o 19:03 24.010
2:40 23,940 11:00 23.750 19:20 24.0.0

3:00 23:930 11:20 22,930 19:40 23.980
.1:20 '., 4 i1 11:40 24.,S0 20:00 23.860
:h40 .90 12:00 24.170

MT... A12.123
4:20 -n !2 -.4.290

4:40 3.7,30 Ij:00 24,060
5:00 23.850 13:20 24.230
5:20 21,020 13:40 24,120

0:40 -4,075 * 14:00 24,0(
6:00 24,080 14:20 24,060

6:20 23,970 14:40 24,080
6:40 23.980 15:00 24,030
7:00 941,2.0 I.,fl $:2 S

TA3LE 2.5 TARGET ARIRAY, SHOT WAIIOO

Vesstel Distance from Bearing fron. Heaing

Surface Zero' Surface Zeto

feet

...2 2.346 21: '5' 208' 30'

DD-474 2.915 245' "4' 2491 30'
DD.592 4,833 25W 45' 329r 00'
DD-593 6,b87 245' 56' 242' 00'

YC-I 3,413 31' 34' -
YC-2 1,915 29? 58' -

Zero B.jigo 674 244' 01' -

YC-4 2.014 251' 15' -
YC-5 4.337 251' O' -

YC *6 6,250 248" 52' -

YC.7 7,843 247' .9' -
YC-8 10,106 Z D' 021' -

YC-9 9.843 2t. 52' -

Distance Is meatured from th', Zero Buoy to the amid-
sldpo cetirilne of each vessel.
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TA\BLE: 2.9 HAIO.11 ALTIMETE11 HFA,\INUN Flt t-,o

SHOT U5112lEI.LA

Time "s referenced fonm radlo ecro t.".e.
I T=. T• ,In, AtiIl'v

nti' in' :!cc feet mln.Aurl sec

-1:00 24,400 5:30 23.425

- 50 24.zatl 6:00 23.525

- :40 -4.550 6:30 2J,.25
-:30 24,350 7:00 23,475
-:20 2t,225 7:30 23.37.5

-:10 24.375 8:00 2:1.450

Zero Time * 24.100 8:30 23.525

:10 24.450 9:00 23.475
:20 24.425 9:30 23,200
:30 24.*,50 10:00 23.400

:40 24.275 11:00 23,500
:50 241.,00 11:30 23.475

1:00 24,100 12:00 23,550
1:10 23 "1 12:30 , 23,575

1:20 23,. 13:00 23,575

1:30 23.77.1 13:30 23,600
IZ40 23,700 14:00 V,,f15

1:50 23.721, 11:30 25,C.50

2:00 23.875 15:00

2:15 23.95A 15:30 23.450

2:30 23,925 16:00 23,625

2:45 23.850 16:30 23.525

3:00 23.050 17:00 23.525

3:15 23.875 17:30 23,573

3:30 23.300 18:00 23,4.5

3:45 93 10io I.A 1%12$

4:00 23,200 19:00 23.375

4:30 23,275 19:30 23,325
5:00 23.475 20:00 23.J25

TABLE 2.10 TARGET ARRAY. ShOT UMBREl.LLA

Dis--M's ror- Realc Jie lim
V'essel Sirfarze Zero' urfact Zero cadirg

EC-2 1,680 250' 01' 80W 56'
YFNB-12 2,340 68' 05' 7TO 08,

DD-474 1,892 245' 41' 255' 06'

DD-592 2,969 24S" 27' 334' 231
DD-593 7,823 249' 12' 2421 33'

17-b arge 1,669 262 " -. -

21-barge 2,0,10 237* 57' -
45-skiff 4.739 24e, 40' -

55-barge 5,IU4 251° 19' -

65-skiff 7.015 250' 20' -

100-skiff 10.056 24V' 28 -
Skiff 11.468 246' 37' -

0 Diance is measurd from the Zero Buoy to t.h'c amid-

ships centerline of each vessel.
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Figure 2.9 Horizontal flight path of C-54, 9,000-toot altitude, Shot Umbrella.

54

CONFIDENTIAL

-04 .'*



1, V10

40 ,,0

'coo ' 0 A .4

&M0 0O ID

Figure ~ ~ w 2.10 moiotlfih aho -4 000fo li eSoUbrla

030~~73 33

)* 03

'26 0 '1~0 30 a to
040 -6 1 40 0 U20

'Q 0440 to 02ŽM 235 Q

* 20 Q0

20 
t. • I-- • 

•. 
. V s',

1500

4.
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Chnpthr 3

RESULTS OF iHuTO3RAPHY, SHOT WAHOO

3.1 SPREAD OF UNDERWATER SHOCK WAVES

Viewed from the air; the first visible evidence of Shot Wah:.o was an expanding disk on
tl.c surface of the water, wnich indicated the arrival of the primary underwater shock wave
(EG&G Films 51393, 51394, and 51376). The edge of the disk was darker than the surround-
Ing water, and the expanding darkened zone was undoubtedly the direct shxck wa,'v slick,
similar to those observed in Operation Wigwam and in HE tests. 'hils slick was visible
from the air until about 1 -.nd after surface zero time ('.5T) whon it had reached a radlus
of 5,500 feet. (SZT is the L I, oi arearance of visible surface effects.) It could be cedn
for longer times from the su '(tico camera stations.

The ,proad of ji wLu'wat51u' Aimk wave along the water surface may oe c --)lct J from
the following expression (Referont,: .%):

r' - 2cUt + UYt2  (3.1)

Where: r - distance from surface zero along the water surface, feet

a = depth of burst, feet

U - shock-front propagation velocity, ft/sec

t = time, seconds

Thu calculated spread, ba*ed on a constant shock-front velocity of 5,050 ft/see, is shown
in Figuro 3.1. Slick measurements obtained from the RB-50 and the 10,000-foot C-54 are
also shown in the ligure and range from 1 to 3 percent higher than the calculated values.
This difference Is not significant and is probably due primarily to measurement difficulties.
If a burst occurs at an unknown depth, Equation 3.1 can be used to obtain an approximate
depth, providing slick measurements are wvallable.

An expanding white circular patch was observed within the area of the slick. This patch
grew at a slnwer rate than the slick and reached a maximum radlus of about 2,500 feet at
0.6 second after SZT. Except possibly for a few milliseconds during which the whiteness
may have been due to underwater cavitation, the white region seen from the air may be
considered to be the primary spray dome that results from the reflection of thj direct shock
wave at the surface.

The dome contained a central area of spray, w:,ch was entirely white In appewiacI feroum
surface zero to a radius of about 1,000 feet. The density of spray then gradually decreased
at increasing distances and, near the outer edges, the whiteness appeared only on the
crests of waves. The periphery of the dome %-.as jagged and poorly defined. Hadius-versus-
time measurements of the central spray area and outer ege of the spray donme, as seen
from the air, are presented in Figure 3.2.

Ai about 0.5w second alter SZT, slicks were observed to move rapidly Inward and vetw.,ard
from a r2d!-s ef about 2,100 feet. Following the passage of the slicks, a %hite annulus of
spray was formed surrounding the primary dome. This spray was produced by a pressure
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pulse that was generated by the collapse of the cavlzated region beneath the surfac.
.. . . ... . ....t .. .. ,o t'•3 , .... .,.r C 3pray --, ,, are &'ciut,, h, Fi uLU 3.2. The Sudo Il

expansion oi the central dense spray region at 0.52 second is no, understood. It Is possible
that this was not associated with the cavitation pulse.

Additional slicks and patches of spray were visible in ihe neighborhood of the EC-2 and
YC-', about 1 second after SZT (Reference 29). One distinct "lick ;-'as •cen, followe.cd by
several faint brief slick passages. Tf., leading slick expanded unsymm..tricalNy, growing
more rapidly in the offshore direction than onshore. This slick was produced by the bottom-
reflected shock wave; Its lack of symmetry can be attrlibted to the slope of Cie bottom. It
could be seen from the air to a radial dlstance of about 10,000 feet from 'vrface zero but
was visible to at least 13,800 feet on the surface camera records from the Observer Ship -
at a distance of 14,800 feet from surface zero. Measurements obtained from aerial phntn-
graphs are presented In Figure 3.3. The less distinct slicks were due to other reflections,
possibly from strata beneath the ocean floor. The patches of spray resulted from focusing
of the bottom-reflected shock by Irregularities in the bottom and Indicated local regil,,.. U
high pressure (Reference 6).

Two late slicks here observed on documentary color film taken on Site Henry by Lookout
Mountain Laboratc. -M' Film MOF 41). Although no timed technical photography was
available from this h atlion a comparison with cameras on Site Glenn Indicates that these
slicks appeared at uobt-.t 29.7 and 30,7 seconaE after .'T. -,'0o slicks arrived at the EC-2
at about 30.6 and 31.9 :-.'cnc.i (Reference 19), Because the Sit,. -. , . 1.ri. not pre-
else, these obscrvatluno probably represent eno sawie slicks. They present vlsuld eeldcne.
of the passage of the second and third of four pressure puilss reported by Project 1.1 as
arriving at the EC-2 between 28 and 33 seconds after the burst. These pulse times Indicate
a possible relation to the closure and npwelllng of the cavity at surface zero after the primary
plumes collapsed (Section 3.5). However, the relative arrival time of each pressure pulse
at the EC-2 gages shows a posslble origin at a great depth. The available Information Is
probably not adequate to Identify the origin of these pulses.

The appearance of the slicks, spray dome, and spray ring Is shown In Figure 3.4. Those
views were selected from aerial photographs.

A fiducial mark inoicating the time of detonation was recorded on the Eastman high-speed
record at Site Glenn (EG&G Film 51337). This gave an Interval of 77.9 msec bttween the
detonation and the first visible surfaseu fcti'ts. " ,e arvenwint w.t" , a •,lculated value of
78 msec (Reference 17) Is excellent.

A direct shock wave arrival tim , r.f4.' 44szc _-- the EC 2 was obtained by extrapolating
Project 1.1 values obtained from a -cage string extending from 300 to 1,875 feet In depth
(Reference 19). The :lick urrival time obtained front photographic measurements was 372
msec after SZT, giving a difference of 62 mses between detonation and the first visible
surface effects. Since the Project 1.1 value was obtained 2,300 feet from surface zero andwas. therefore, affected by environmental conditions, 78 msic is considered to be the mostreliable value of the Interval between detonation and the first visible surface effects.

j.2 AM SHOCK WAVES AND CONDE•NSATION CLOUDS

The first air shock wave, which resulted from the transmittal of a small fraction of the
energy of the primary underwas.r shock wave across the air-water boundary, was visible
on a few surface camera records (EG&G Films 51337, 51338, 51344, and 51372) It could
be seen for about 35 meeu, disappearing first In tle center at ab.. 96i msec ana finally at
the edges near the water surface. A peak pre-s•urv of 0.19 psi was recvtded on ta. EC-2
from this air shock wave 480 msec after the burst (Reference 29).

The passage of positive and negative Dressitri: pulses through the cumulus cloud layer,
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which extended from 2,300 to 4,000 feet in altitude, was evidenced by momentary shrinkiing
and eniargen|ent of the clouds. This effect was most clearly seen on azrcralt color lilm
(EG&G Films 51379, 51383, and 51396). The compression In the positive pulses produced
an adiabatic warming of the air at the cloud level and a temporary evaporation of the cloud
droplets. The negative, or rarefaction, pulses led to adiabatic cooling and a consequent
g-rowth of the, droplets.

Cloud effects were noticed at three distinct times. These are indicated in Tas'o 3.1 1:,

conjunction with qir shock wave data. The times of observation of cloud changes depe-ided
on the distance of the cloud from surface zero. Since these distances were not knowr,, and
it Is not likely that the same clcuds-were observed from different camera stations. the
observed times of cloud effects have little quantitative significance, though it is possible
to identifv the origin of most cloud changes with confidence.

No condensation cloud woo; observed on Shot Wahoo, other than the enlargement of the
existing clouds. The greatest reported pressure drop at the FC-2 was 0.18 psi. This was
evidently not large enough to lower the ambient temperature to the dewpoint and bring aeout
condensation in the relatively dry air near sea level.

3.3 SPRAY DOME

The Wahoo spray dome was :!-'1hle from surface camera stioni within 1 to 2 msoc
after the appearance of the air shock wave. Initially, the epray dome hcz' "-. I1--, .,

umooth outline, which became more irregular as the dome developed. When it had reached
its maximum height of 840 feet at 7 seconds, individual Jets of spray could be clearly seen.
Rising above the main dome was a central cluster of gray jets produced by rising objects,
The behavior of these objects will be discussed inSection 3.4. The appearance of the spray
dome at various times is shown in Figure 3.5.

As the dome reached Its full size before plume effects occurred, it was possible to
study its behavior thoroughly. Height-versus-time measurements were made at surface
zero and at 100-foot intervals to the right and left of surface zero on photographbn records
obtained at the three surface camera stations. These meaaurements extended to a dome
radius of 1,600 feet but showed considerable scatter at radii beyond 1,000 feet. At 1,600
feet, the maximum mezzured height of spray was 23 feet. This result is consistent with
the aircraft dawa, wziich indicates continuous spray to a radius of 1,000 feet and patches
of spray extending as far as 2,500 feet. Smoothed spray domne height-versus-time curves
obtained at Station 940 (Site Glenn) are shown In Figure 3.6 as examples of the type of data
obtained.

Equations of the foru. of Equation 1.9 were fitted to the data at early times in an effort
to determine the initial dome velocities and spray retardation factors. To simplify the
process. Equation 1.9 was used in linear form, as follows:

' = v° -ft (3.2)

When spray dome values are plotted i. tie fern, of height/time versus time, they can L..
fitted with a straight line whose zero intereept is equal to Vo and whose slope is equal to f,
providing the height-versui-time curve Is parabolic (Reference 16). In reality, the height/
time values are erratic at early times because o! a strong sensitivity to slight timing
errors, the difficulty in measuring height at early times, snd the possible occurrence c*
high instability (Reference 14) vel~uitlcs for brief interva-..

In practice, a straight line was drawn through the red•zced height data points over a time
interval as close to zero time as possible. This time i.%.rval generally started between
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I and 2 seconds after SZT. At later times, the points also deviated from a straight line
in some cases because of variaiiunio iiniO tei"atULtiuII 4C.Lut'. 1U1 u.%,mplu u& th;.f tt:•-m
inent of the Igurmn Island data is shown in Figure 3.7.

Values of the initial spray dome velocity at 100-foot aten.crva along the :atcr .urfac-
were used to calculate the peak pressures in the underwater shock wave on the basis of
EX.uation 1.4. (It was assumed '"ere that Pb is negligible. This subject is discussed in
Section 7.1.1 These values and their means and standard deviations are i]fj,,d in T .Zle
3.2. Sirce the Wahoo shock wave had practically reached acoustic velocity when it reached
the surface (Referenlmo 17), Equation 1.4 was reditced to

34.7 Vo
Co 6 o(3.3)

for this purpose.
Figure 3.8 shows the mean values of the computed peak pressures together with peak

pressures predicted for yields of 8.5, 9, and 10.5 kt by Equation 1.10 for pressures les-
than 2,500 psi and by Reference 17 for pressures above 3,000 psi. Peak pLOssures obtained
by Project 1.1 are also shown.

The peak prosst ealculated from initial spray dome velocities were meonslstently
higher than those pr-- .t.k --y theory for a 9-kt yield, varying from I to 7 percent between
radii of 100 and 400 fc At (si-',. ranges of 520 to 640 feet) to about 11 to 14 percent for radii
of 500 to 700 feet (slant : c.,A % of 707 to 360 feet). An cffort was .. o mt surc the
smoothed spray dome at "foc zero. :., c'ralstent valuas ,'nulu .'.ý- Lowever,
because of the influence of the high central jet. At radii beyond 700 feet, the'data became
Increasingly unreliable because of measurement difficulties.

The pressures measured by Project 1.1 were lower than Indicated by theory, in some
cases. probably because of the effect of refraction at the distance of the gages. Since the
gages were at depths ranging from 90 to 1,875 feet below the EC-2, the presentation in
Figure 3.8 tends to simpilly the actual restilts. The spray dome data indicates that the
,-a. Pressures it the .s.:rf,- wron nnt InfMhnnerd hy rsfrnrttnn. .nt Io.gt ta .1 slant ann"
of 860 feet.

Table 3.2 includes estimated values of the Wahoo yield, based on a comparison of the
calculated underwater peak pressures with theoretical values, These results, and the
presuntatlon in Figure 3.8, indicate that spray dome velocities are useful for estimating
the yield uf an underwater nuclear burst, providing that the depth of detonation is known.
Although the calculated yields average 11 kt between slant ranges of 510 and 860 feet, the
four close-in values average 10.2 kt and tend to lie within the ranve of 8.5 to 10.5 kt
hidicated for the radlochumlcal yiatd. It therefore appears that yields calculated on the
basis of spray dome velocities are reasonable when they are obtained relatively close to
surface zero, for bursts s,milar to Shot Wahoo. !t Is to be expected that, in general,
yields calculated In this manner on field tests will be high because of surface roughness.

Values of the Wahoo spray dome retardation coefficient f were selected from dome
.c:,tht-versus..Lime tdAL in whiel, f .... c , - nstant until the spray stopped rising.

These values are shown as a function of distance from surface zero in nmgut 3.3. 'The
scatter is greater than the scatter shown by calculated peak pressures, though 'h trend
toward decreasing retardation with Increasing distance from the center of the dome is
clear. This indicates the presence of larger drops near the edge of the dome. The vari-
ation of f with distance for Shot Wahoo can be expressed as.

f 30 e"°'°00 r 'r.4)
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I . ~The retardation factor. f. must reach a lower Mfrit of 16 it/see' due to the invariable effec•t

of gravity. Corsequently. Equation 3.4 is valid only to a spray domp rxbte nof .10 root forS~ Shot Wahoo,

1.4 TRAJECTORIES OF OBJECTS NEAR SURFACE ZERO

SSeveral narrow jets of spray rose above the Wahoo dome, trailing behind obiects that
were propelled Intu the air when the underwater shock wave tarrived at the surface. With
the exception of one black jet, which was located in a cluster of Jet.; near surface zero, all
the spray jets were white.

Figure 3.10 shows the region in the vicinity of surface zero prior to the time t'f detonation.
The Zero Buoy was a modi~ied Navy telephone buoy about 10 feet in diameter. A steel Army
Transportation Corps barge section, which was 22 feet in lenth and 9 feet 10 Inches wide,
was moored approximately 30 feet from the Zero Buoy and contained Project 1.11 electronic
equipment (Reference 20). A modified LCM, which housed tne firing racks, was moored
674 feet from the Zero Buoy at a 244" bearing. Small plastic buoys and a steel ner buoy
supporlted the instrument cable that led to the device. The steel buoy was possibly 300 feet
from 6 irface zero; the pl . buoys were at greater distances.

A w0ito jet rose at the I- .Atka of the ICM, and smaller jets could be seen along the
Instrument cable, p¶robably %'tuseci oy the rising plactke buoys. The black jet In the cluster
near ,-urfa;e zero appeared t.W, .'a::ate at the Project 3..11 barge.

The trajectories of three of the b cslng objuc, v., . measured on 'ijmb " ::31 iSite
Glenn) and 51328 (l.CU-479). Two of these objects are indicated on Figure 3.11. The tra-
jectories for all three are shown In Figure 3.12 and. in each case, a parabolic equation of
the same form employed for the spray dome heights was fitted to the data. In all cases,
the lateral component of motion was negligible.

The photographic resolution was not adequate for the identification of the objects, and
the estimates of the points of origin are probably not accurate because of measurement

.tIca. bct Na. , app.arad to cuiat* feumiL Vat u imlaa b te 83 wad 110 weui frue
-urface zero between bearings of 239, and 247*. It had an Initial velocity of about 500 ft/sec.

Object No. 2 seemed to originate 100 feet front surface zero at a bearing of 259'. It had
an initial velocity oa about 440 ft/sec.

Object No. 3 possibly originated -0 feet from surface zero between bearings of 1680 and
190W. Since these determinations are very approximate, it seems likely that this object
camne from the Project 1.11 barge. It had a greater initial velocity (about 577 ft/sec) than
the others but decelerated at a much greater rate (Figure 3.12). its lattr'al motion was
about 65 It/sec toward the southwest.

As seen from Site Glenn, the jets near the center of the Wahoo dome appeared to merge
into a broeel gray jet that was about 100 feet wide at 1.1 seconds alter SZT. In general.
the objects in the cluster appeared to originate in a region between the zero buoy and a
position on the array somewhat beyond the Project 1,!1 barge. The breakup of the barge
probtuiy !iscolored the wa.er in this area. In addition, the possibility that some of the
contents of the expanding Wahoo bubble were ejected along the firing and instrument cable
should be considered.

Assuming a 9-kt yield, Reference 17 indicates that the peak pressure at surface zero
was 10.400 psi. On this basis, Equation 3.3 predicts an initial spray dome velocity of
360 ft/sIec. The initial velocities of the rising objects that could be measured ranged
between 1.5 and 1.9 times the expected spray dome velociLy.

Similar results have been observed In HE tests if w!:!.:i buoys or drums loeated at
surface zero rcse rapidly above the spray dome. It is believed that no study of this
phenomenon has been made, but additional Informatiomitould be extracted from the Wahoo
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records If such a study Is undertaken. 1UaCful data could also be obtained from the photo-
grlphlc -reco -s -f Q-ll~w am

3.5 PLUMES

4I

The primary plumes became visible at the edge of the spray dome about 6 seconds after
SZ i. By 7 seconds,' a rapidly expanding mass of radial plumes was ,le-..ly visibic., zai
at 8 see(*.-c-s, the plumes had expanded well beyond the limits of the domae. Thu assem~blage
of plumes had an overall spherical ahape at early times. At about 12 secondis, the vertical
growth had begun to dlecelerate rapidly whiin tho latorai *)Iumes continued tr, spread~at an
almost constant rate.

From then on, the shape of the mass of plumes flattened, and the plumes gradually
spilled over and broke up into spray. A maximum ove~all Plume height of about 1.600 feet
wqs reached at 15 seconds alter SZT. By 20 seconds, the lateral plumes~had collapsed on
the surface, attaining a d maxtim diameter of about 3,800 feet. The descent of the to,
surface of the plumes was measurable for about 27 seconds. Starting at .0 seconds, much
of the spray which !ormed in the plumes sprcad out rad~ally along the surface as a base
surge.

The dcvelBspment .ds caridlse of the primary plumes is Illustrated in Figure 3.13. A
secondary plume fori.,ation (Figure 3.17) belaonc vthI'e ahove the top of the co.'apslng
primary plumes aboutverl sc ',inds after SZat. This formation reabmote, asecond, theight
of aholht fad feet tppdiecleIraty 31 rpi nds =.,r SZT. The seseonda.n plumes were not
symmetrical. Their entire thape could not be determined, as only a portion of the top
was visible.

Tie vertical rise and fall of the top of them Wahoo primary and secondary plumes is
shown In Figure 3.14, as measured from ihe three surface u.Uiaera stationz. Each curv.e
represents an average of data obtained at one position. Maximum and average heights are
shown for the primary plumes, since a relatively small spike rose abode the bulk of the
plumes. the maximum values were o rtainea at t2e top os e nis spiKe. lle scatter in tne
original data was about t6 percent for the primary plumes and 17 percenr for thle accond-
ary plumes. duo to such factors as the varying degrees of resolution obtained with different
cameras, the differences In appearance from different stations, small asymmetries, the
judprmrent pqlumred in ithe determination of average heights, movement of picnis outside of
the plane of measurement, and the like. Such scatter is normal In measurements of this
type of phenomenon. Because of this uncertainty, the maximum heights of the pitmary and
seconulary plimmes on WVahoo should be considered to be 1,700 fee. and 1.000 feet. respctively'.
for aircraft safety conaidirations (Chapter 8).

Figure 3.15 shows the right and left radial growth of the plumes, measured to the ox-
tromities, as seen from the three surface camera stations. The curves show a high degreo
of symmetry and indicate an almost linear rate of lateral growth from about 8 to 20 seconds.
at which time the pmrlumes rached the strface. The average m axdium collapsed plumt
raplus was about 1,850 feet, with an extreme measured value of 1,910 feet.

The behavior of the nucenar explosioii bobble and the subsequent formation of the plum•c
Is not well understood. Equations 1.25 and 1.26 Indicate that the bubble reacbed .. Maximum
radrus of 384 feet at 2.64 seconds alter the burst. If the bubble expanded uniformly without
migrating upward, ind pushed tile surrounding water outward radially, the surface above
the lurst would be lifted to a height about 87 feet above Its original level. However, at the
time this possibly occurred, the spray In the dome had reached a height of 640 ic•t ano dlI
Lulk motion of the surface was hidden.

The calculated bubble period was G.28 seconds. Equation 1.24 Indicates a migration to
the second bubble maximum of 1,050 rad. Thib Implie s a migration of about 525 feet 2 p to
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the time, of the first bubble minimum, which would place the bubble center near the original
surface at' this time. Other equations predict a migration of 915 feet (Reference 9) and 916
feet (Reference 18) during the first bubble pulsation. Although the latter equations were
basud ,i ' HE ddta and u-ll hive doubtlult validity fur a burs't ne.w the surface, the guiieral
result that the Wahoo bubble migrated to a position above the original surface is supported
by the ahso,,u*e of a bubble pulse on the underwater pressure recoet's (Ref e 19).

When individual plumes were traced back in an effort to determine theh nrogl.:, a rczon
above the original surface was indicated. In addition, Figures 3.14 and 3.15 show Ihrtl the
vertical and lateral components of plume velocities were almost ucnstant and about tCe same
magnitude between about 8 and 10 seconds after SZT. The average velocity of ex|'dnsion
of the plumes during this Interval was about 160 ft/sec. At later times, the vertical rate
ef rise was reduced by gravity and atmospheric drag while the lateral growth remained
almost linear, with some small retardation by atmospheric drag.

The Initial uniform plume growth Is also shuwn by the proffles in Figure 3.16. The shape
at 8, 9, and 10 seconds Indicates that a hemispherical mound of water was prdbably pushedl
above the surface by the bubble. The rapid expansion of the bubble within the mound then
threw this water out in all "-tctions with the same initial velocity. Since the surface had
been roughened by the fern. m ,., ;. a spray dome. the deceleration of the surface led to
the rapid formation of'the lur •e ph'i.,es that were observed. This concept is supported by
photographs of smoll-charge :,i.. tenona in a vacuum tank w'itl•'Irine rone4 tIn,.u s':al'
approximately to shot Wahoo (fteferece 30). A "-'vih extrapolation bht-% .:. .';.. ...':.
of water, which developed into the plumes, possibly had rv' initial diameter of about 1'000
feet.

The e.xansion of the bubble and outbreak of the primary plumes generated an air shuch
wave. This was detected at the EC-2 at 7.25 seconds and reached a peek value of 0.215 psi
ct 8.27 seconds. This may be interpreted as being a measurement of the first bubble pulse.
An extrapolation to surfaci zero indicates a first bubble period between 5 -ind 6 seconds.

It seems likely that considerable mixing of water and fission products took Place at the
time of bubble collapse, because the base surge that developed from the plumes was highly
contaminated (Reference 31).

The secondary plumes are believed to have been caused by the oscillation of the water
surface at surface zero following the collapse of the primary plumes. Aerial photographs
showed that the collapse of tlhe secondary plume formation contributed material to the
Inte,4er ei the surge cloud %EG&G Film 51395).

3.6 VISIBI.E BASE SURGE

As the plumes traveled outward and downward through the air, they luroke up into spray,
just as the stream from a firehose breaks up into small droplets If It follows a long tra-
jectory. When the plumea collapsed on the surface, the larger drops and coho.rent masses
of water -:-obably dropped back into the ocean. However, the fine drops that had been
formed In the plumes remained airborne because of their small mass and continued to flow
outward radially, a3 a result of the ;nomentum imparted by the expanding plumes. Si'ii
the drops entrain air as they move outward, the suspension of drops in air behaves similarly
to a dense homogeneous fluid. The aerosol that spreads out from the plumes is called
a base surge.

The development of the Wahoo base surge from tha prirmary plumes was a fairly ron ti,4-
ous process, but the surge could be distinguished from tt.- collapsing plut,-.., by 20 secn'ds
after SZT. The surge was roughly circular, but was not smooth in outline and showed
several lobes. As it spread outward along the surface the lobes separated and the surge
became increasingly irregular and tenuous in appearance. It was also noted that the surge
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was retarded when it moved over a target.vessel, which contributcd to the distortion.
Although patches of the surge cloud were faintly visible from the air for possibly 2b minutes,
it was not possib.le to make reliable measurements of the surge boundaries beyond about
3.5 minutes. The appearance of the basc surge at various tIms is shown in Figures 3.17,
3.18, and 3.25.

Pight and left radii of the surge.in relation to surface zero were inen.'iured from the three
surface canmra stations. The average curves from each stition Are prc•.nted 1:t Figure
3.19. The original measurements showed a scatter of ±4 percent. Since the 'jurge was
distorted and was transported away from surface zero by the wind, the curves*in Figure
3.19 do not show exact dimensions beyond about 30 seconds alter SZT. Hlwever, Station
940 (S!te Glenn) was almost exactly upwind and Station 941 (LCU-479) was approximately
crosswind tiom the burst. Consequently, the Station 9i1 radius-versus-time curves in
Figure M.19, with bearings of 78* and 2581, are approximately along the upwind and down-
wind axes of the surge. The Station 940 curves are or the crosswind axis of the surge.

The curves shown in Figure 3.19 represent the extremities of the baze surge. 'They ao
not necessarily IndicatW the correct time of surge arrival at a ship or instrument station.
This could be olta" - by studying the photographs or by preparing detailed contour plots
of the surge as it ti. ted ..v vnwind. The latter proved to be impossible to obtain for this
report; however, par ial c.%i.•ours of the base surge and foam patch were obtained from
flD-50 Film 51.95 whet4, -: a!rcraft w•• almost direvxy above th, kurat. T, V.-e are showt
in Figures 3.20 througni 3.22 ,)r the per"'1 'rnm 10 through "7 ..

In many places, the contours In Figures 3.30. through 3.22 are incomplete because of
Sobscuration by the natural clouds in the area. However. the irregular nature of the base

surge Is clearly shown. In particular, a pronounced retardation of the surge on A, line
downwind of the DD-474 can be observed. As a result, two large lobes extended downwind
from surface zero on bearings of about 245, and 285". Because these lot-is blocked the
view, the 258' curve in Figure 3.19 is not accurate beyond about ,50 seconds after SZT.
Lobes in the upwind direction obscured tl.o view of the 78 axis, so that this curve also is
unreliable,

Measurements of the upwind, crosswind, and downwind extent of the Wahoo base surge
wore made en the contours in Fi,7tres 3.20 through 3.22. Since the surface and 1,000-foot
winds were from the east, upwind and downwind measurements were made perpendicular
to a north-south line through surface zero, and erosswind measurements were made
perpendicular to an east-west line through surface zero. All measurements ware made
to the surge extremities; therefore, the contours show tha maximum extent of the surge.
At 118 seconds and later, the rd'rgi. extended farther to the south than to the north; thus,
the geometrical center lay about 200 feet sotuth of the east-west axis between 118 and 149
seconds.

In addition, measurements of both the drift of the geometrical center of the surge and
the surge diameter perpendicular to the optic axis were made from the photographic air.
z.-ft until 204 seconds after SZT. Since the center of the surge was difficult to locate,
particularly at late times, the drift measurements showed considerable scatter and in
some cases, were not usable. The dait from Films 51378 and 51282 appearer' t- be
reasonable, however, and indicated a drift to the west of about 15 kUots between about 70
and 170 seconds, with the center of the surge approximately 400 feet south of the east-west
axis. At later times, an appareat drift to the southwest was shown. However, this was
probably a result of the large lobe extending tu-ard the southwest, as it seems ,
that the surge moved bodily in that direction.

Beca•se of the limitations of Figure 3 19, Mll of the available measurements and combined
in Figure 3.23 to obtain the best possible estlnwnte of the downwind, upwind, and crosswind
curves for the extremities of the Wahoo base surge. The downwind curve iW based mainly
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on the contour measurements in Figures 3.20 through 3,22. At times up to 50 seconds,
theSl~~a0is 1..... r.-.l .... ad~s e.....ensru; uEd-.,

The approximately upwind curve from Station 941 is Wso shown with the limi,-d upwind
contour measurements. The latter ari considered to be more reliable at late times than
the sur'face camera data, because the surge was more c!early visible from the air. The
er.s!;wind curve In Figure 3.23 from 20 to 105 seconds -fter SZT w*a. obtalncd by averainhg
the left and right radii measured from the Station 940 records (Figure 3.19) anr' rorrect!;ig
the data for a !Z-knot movement away from the cameras. Between 110 and 170 secords,
the crosswind curve Is based on col',our measurements From 173 to 240 seconds, the
crosswind curve Is an extrapolation based on a few contour crosswind moasureme,,ts south
of the east-west axis.

The average surge radius curve shown on Figure 3.23 is based on aircraft measurements
to the outer edges of the lobes. These values represent measurements front the center of
the base surge. Aircraft mo,'qurements that were made between lobes and some that were
doubtful because of obscuration by clouds were not used. The distances between the aircraft
and the surge were estimated by assuming a constant drift of .5 knots toward the west. The
average aircraft-curve is "n good agreement with the crosswind data and, for practical
purposes, the difference c. ?en 'he average radius and crosswind extent is negligible.

It may be noted .hat the a, vnw:ne leading edge moved at an almost constant speed of
21 knots between li0 secondb t-d the final measuremeut tir, •'t 27' se"nnds. The down-
wind curve, betwu.en 20 and 2,,0 s=cc ids, can be obtained by addlng a ln.- t,': .q .QtI to
the crosswind curve. At later timue-, the crosswhie curve leveled off, but aJ. rapid dowin-
wind motion continued, probably because of the 18-knot wind speed at altitudes above the
surface. It seems likely that the speed of drift increased as the surge cloud increased in
height and encountered &Ind speeds stronger than at the surface. The trailing upwind edge
of the surge was drfficult to measure. Its motion showed evidence of frictional retarhateoa
by the surface.

Figures 3.18 and 3.20 through 3.22 show the toroidal shape of the Wahoo surge. Measure-
monte of the horizontal thickness of the surge were made at some positions in Figures 3.20
through 3.22. The Utlckne•s proved to be highly variable. For example, It ranged between
2,000 and 3,000 feet on the 335" axis and betwewi 1,500 and 2,000 feet on the 285' axis.

Figure 3.24 shows the maximum height of the base surge as seen fromn the surface camera
stat, ns. Although the surge appeared about 20 seconds after SZT, the curves start at about
40 seconds because it was not pcosible to determine realistic surge heights until the surge
had moved outward and could be clearly distinguished from the collapsing plumes. The
height data from any ,mo .tatlon showed eatter as great as 17 percent, due in part to
measurement dlfficullcrs at lite times. WVhen the highest part of the surge bicamo Indistinct
and evaporated, the measurement was shifted to the next highest lobe. The disagreement
between the three curves in Figure 3.24 probably results Irom the measurement of the highest
point, as seen fiom each camera station. No effort was made to correct these values for
distance from the object planes through surface zero. For example, an error as great
as 40 percent could have occurred zal 110 seconds from this cause.

The curves indicate that the surge top rose rap!dly at first, at about an average rate of
15 ft/sec between 45 ?,,id 80 seconds. Betweer 80 and 140 seconds, te height i:•.:uced
between 1,100 and 1,400 feet. The measurements after 140 seconds are unrella'zle because
of the tenuous nature of the surge at thlse late times. In particular, the rapid decrease in
height shown by the Station 941 curve is not believed to be realistic.
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3.7 FOAM PATCH

After the plumes had subsided, and.as the surge cloud dissipated and driftce downwind, W1

a clearly defined, white, roughly circular area was observed at the location of surface zero.
This is referred to ms the foam patch, and is sho'.vn In Figurcs 3.18 and 3.25. It is bevlievcd
to result from a strong, probably vortical, circulation caused by the gravity rise of the
bubL e. Evidently, as was also observed during Wigwam (P.eference ).) :,1 upward liow e
water oc,'arred in the vicinity of surface zero. This water spread out radially ind sank,
resulting in an accumulation of foam and debris at the edge of the patch, as lllastrated in
Figure 3.25. The radial structure of the Wahoo patch and the occurrence of small waves,
which appeared to originate at its edge, lend suppoe. 'o this hypothesis (EU&G Film 51395
at about 140 seconds). The whiteness of the patch waa due to foam produced by the violent
agitation of the water during the explosion.

The foam patch expanded slowly and was measured for about 16 minutes, after which
the entire outline was no longer discernible on aerial photographs. However, the nortl. .

edge was still visible t 25 minutes, when one of the lorgest photographic records ended
(EG&G Film 51395)

Contours of the. . patch up to 4.5 minutes after SZT are included In Figures 3.20
through 3.22 and are , awn ,t-, later times in Figure 3.26. Measurements of the diameters
were made on theuc c~r.t.ars along six axes. In addIton, malor diameters were measured
on the U-b4 photograph'c .'occris. These measurements are shown ir, ";%r, ,.7. Bcause
of the scatter In the data, u, dt least In par'. .. the fact that th, sAnt, c.0nd partially
obscured the foam patch, no attenipt was made to draw curves through the data. However,
a definite drift of the foam patch in the direction of the surface current Is evident In the
contours presented in Fiiure 3.26.

A region of radionctively contaminated water was detected on Shot Wahoo by Prooect. 2.3
(Reference 31). This project had five underwater gamma intensity recorders (UW-GITR's),
four of which recorded the passage of the contaminated water. These UW-GITR's were
1,Uw ui vi uaulub ,uad ,li U p:uim depilt or ,ibvui 6 feet. They were positioned at distances
of from 4,100 feet to 8,000 feet from surface zero and recorded arrival times of from 5 to
15 times, which were generally consistent with the spread of the foam patch. It seems
reasonable to assume that the region of contaminated water corresponded to the foam patch:
however, the measurements are insufficient to resolve this question with certainty.

The motion of two of the ships in the target array was measured on the contours presented
In Figures 3.20 through 3.22. The DD-474, which was 2,915 feet from surface ze.'o at a
bearing of 249" 30' T prior to the shot, was found to be 3,200 feet from surface zero at 110
seconds and 3,350 feet at 15 evonods. No change in Its bearing was found. The EC-2,
2,346 feet from surfate zero at a bearing of 29* 13' T prier to the shot, was 2,800 feet
from surface zero at 110 seconds and 3,050 feet at 151 seconds. A bearing of about 34e T
was measured during this time interval.
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Figure 3.1 Primarl hy.. wave slics., Shot Wahoo.
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pulse spray ring, Shot Wahoo.
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Figure 3.5 Spray dome, Shot Wffahoo.
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Figure 3.10 Buoys and barges in thc vicinity of surface
zoro prior to detonation, Shot Wahoo..
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Figure 3.11 Objects rising above sprAry dome, Sl-M Wahoo.
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Figure 3.25 Foam patch, Shot Wahoo.
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RESULTS OF l'HOTOGRAPHY, SHOT UMBRLL! A

4.1 SPREAD OF UNDERWATER SHOCK WAVES

As viewed from th.- air, the first evidence of Shot Umbrcllh was an underwater flash of
light resulting from the detonation of the device. This light persisted for somewhat.less
iLhan 10 mscc; however, the exact timo could not be determined, because the flash was
visible on only one frame in eaich of four photographic records, all of which hazi a frame
rate of 10n frames,'.ec or less (EG&G Films 52241, 522,15, 52254, and 5~2255).

A few milliseconds lat -. expanding white patch with a dark ring appeared, similar
to that observed on Shot We.. - , ;. dark ring, indicating the intersection of the primary
underwater shock wave with uto water surfaee, was visible to a radius of 2.700 feet. Its
rate of spread, as measured irtit ki- ree of Mne alrnratt, together with the ca %fl pread
of the slick for a depth of burst of 1 3 feet (.'9) and the time, 31 ot''-val at toe
underwater shock wave measured by Project 1.1 (Reference 19), is shown on Figure 41..
The agreement between the calculated spread, photographic Irema-q-za-nts, and Project
1.1 data Is excellent.

The expanding white disk followed closely behind the slick at early timves. being aboui:
30 feet behind at 0.1 second. Initially, the whiteness was possibly cauried by cavitation
beneath the surface, but the spray dome undoubtedly developed rapidly thereafter. The
tLillie lug buitween the eppeaurtrnue ui whiwneuaa will the rise of spray wyss poissibly am great
as 10 msec. althougt this could not be determined accurately.

The lateral growth of the spray dome is shawn as the upper curve In Figure 4.2. As can
be seen In Figure 4.3, the outer edge was poorly defined, with patches of spray occurring
only on wavki crest-j. The density of the spray Increased toward the center, where the
dome was a continuous mass of spray, appearing as a white d~sk with a fairly well defined
edge. The lateral expansion of thi dense central area is shown as the lower curve In
Figure 4.2. B3oth the central region and the outer area stopped growing .'tt 1boit 0.5 sec~ond;
the radii at this time were approxdmntely 'I60 feet and 1.900 feet.

At approximately 0.53 second after SZT, a slck, followed by the formatic.. of spray,
wias seen to move liaward toward surface zero from a radius of about 1,900 feet, At abut
the same time and about the'sanme radius, anothor slick, lighter In color than the surround-
Ing water bet with a dark border, mvi#eJ out,;.uj rapidly. A comparison vt carrival times
of thtese .'.Icks with the arrital times of the cavitation pulse at tho Projeet 1.1 uinderwater
pitessure gages showed good agreement, as can i~e se1n In Figure 4.2.

A denise ring of spray formed Immediately .ift*er the ippearance if these slicks an(., : r
outward briefly to a maximum radius of about 2,100 feet from surface zero at 0.1a xprnrd.
It also spread inward while the prinkary inner dome expanlded outwar -if 1'ng the surf ace.
At about.1 secorld i.ttar SZT, these areas bud merged to form a contiautous white dc~me.
Thne outer radius decreased to 1,900 feet at 0.7 second ecI. rem~ained fairly static W' th ,
of the 1-second period of measurement. These results r7-2 included In Figure 4... %::--- of
the original spray data showed a scatter of about 5 ývrcdnt with extreme values up to 10
pe'rcent abolit the mean. The appearance of the prima.-v slick, spray dome, and cavitation

CONFIDENTIAL



'WPM

pulse spray ring, as seen from th2 air, is shown in Figure 4.3.
In addition to the primary shock wave slick, sever"'i less intense slicks, radiated] from

sufc *.4r ro ata cxt~cw jfl abir he, alC.rdbyodto ,

approximately 0.58 second.after SZT and were probably causcd by rcflccl.!ons of the shiock
wave from various strata beneath the bottom of the lagoon.

A radio ..---.-.... ! .id ictn th zxc Intn ,v,.s reV,;Cuu'v on tl~e
1,000-frarneslsec record taken from Site Glenn (EG&G Film 522bS). AWAti &eY, surface
zero w,:s obscured from this station by the EC-2. It was, therefore, not po',siblel to

4 determine from this record the time after deto,iation thzIt the first surfa.:e effects were
visible.

A cluster of flashbullus was bc ut ont Elite Zero Barge at zero time, and these are
visible en soine of the photographic records. On the -ecords taken at spceds of approxi-
inately 100 frames/sec, the flash bulbs wero visible one to two frames before the first
visible surface effects. This would Indicate an interval of about 15 msa-c (15 msec)
between tho time of detonation and the first visible surface effects.

'If it Is assumed that the burst had an effective hydrodynamic yield of 8 kt multiplied by
a factor of 1.6~, b' -lise of the presence of the bottom (Reference 20), the time of arrival
of the shock wave hie .race, as calculated according io Reference 17, Is 13.7 msec.
This calculation Is :1Auti-.`y Insensitive to yield for shallow bursts but gives a time that
Is consistent with the *'intlresult.

4.2 AIR SHOCK WAVE AN~D CONDENSATION CLOUDS

The air shock wave that appeared above surface zcro was visible on two photographic
records t.akun twin Site Glenn; a 100-frame/see Mitchel record and the 1,000-frame/sec
Eastman high speed record (EG &G Films 52265 and 52258). Sui face zero was obscured

a on these rcccrds by the EC-2, so that only a portion of the shock wave could be seen.
This portion, on the side of the dome~ off th4 Mejre nf the lFC-2, was visible until approxi4-
mately 70 msec after SZT.

A faint light ring, which indicated the Intersection of the air sho,.k wave with the water
zurface, was visible on some of the RB-5O films (EG&G F~ilms 52254, 52255, and 52257).
This ring appeared dark when viewed from the C-54's. It moved radially outward from
surface zero and was visible to a radius of about 10,000 feet. 'rho radial growth of the
leading edge Is shown In Figure 4.4. The measurements are consistent with the times
of arrival of the peak of the seecuna air pressure pulse at the DD-592 and the 55-barge-
(Refe,,ence %ii). These values af.. !ncluded in Figure 4.4.

A condena.,l.on cl;.&d appeared on the downiwind side of the column at about 1.8 seconds
after SZT (Figure 4.12). Its lower edge was at a height of about 800 feet. and its maximum
altitude was approximately 1,400 feet. By 4.3 seconds, the cloud had disappeared, appar-
ently engulfed by the expanding plumes. An enlargtbment and whitening of a few clouds In
the sumulus cloud laycr, 2,000 feet above the surfaeo., was also ob~served. This effect was
faint and could be detected on only a few records, primarily the aerial color documertaries.
A patch of cloud near surface zero waa afieeted at 4.4 seconds after SZT, an- L. patch at
a greater diqtance was affected about 8 seconds after SZT. In both cases, the brightening
and enlargement pcrsistcd for about J seconds, As on Shot %Yahoo, thib was caused by the
passage of the rarefaction phase of an air shock wave. The phenomenon is discesscd In
greater detail in Section 6.2.
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4.3 SPRAY DOME I
Following the air shock wave, a bell-shaped dome of spray rose above the water surface.

Several large jets, resulting fro~u the action of the shock wave on buGys noar surtace zcro,
were vislble at the center. These. are disrussed in Section 4.4. A promin,ýr featur.' was a
large black patch that appeared on the side of the dome whiere the, Zero B;',rgn, an LCU, had
been moorek, about 50 feet fromt the Zero Buoy. The blackness was prob4zly c~urqd by
debris from the b~reaxup of the barge by the primary underwater shock wa~ a. *l'heappr.urance
of the dome is shown In Figure 4.5.

Measurements of spray height versus time were made at surface zero and at 100-*foot
intervals to the right and left of surface zero on the photographic rerords from th', three
surface camera stations. Measurements were made to the top of the spray in all cases.
As an example, smootheil curves for positions extending to 40C fe"1' !.-ft of surface zero,
as seen from the LCU-479, are shown In Figure 4.6. Measiiren'ýw.,, were made tc a radius
of 1,500 feet, but the scatter of data points made it impos,,ile 1., fit 2 smooth curve In the
mieasurements with confidence at distarnces beyond 600 feat, At a'1,1i00- foot radi-m. the
naximum measured height was 10 fcet.

The spray height-versii .ne rurves showed discontinuitios A early times. A particu-
larly abrupt change at 0.38 b. (£iw j qhcwn on the 200-foot r'e'ks3 curve In Figure 4.13.
A sudden increase in velucit ) f this nature appeared on soya' 2#rlace zero records b~etween
0.5 and 0.6 second, but only sI'K.t cranges, occurrirng betwecn 6,2 and O.tý 5su: -", Y' re
detected at the Ion-font rstiif. At :-',.annts -~.: feet, lN dlsctnJnLI%-'-s aippeared
at later tlhnhas. These sudden changes Indicated the appearazi. .i of plume cffects. Ut this
time, the malts motion of the water produced by the expandl,! mibble rapidly overtook the
shock-wave-induced spray effects, and the water rose upwrF" In form a cyl~ndrical plume.

Because of the short dhuration of the spray dome on Shot t,. j.,ruiia. it %;as~ necessary to
use care In the determination of initial velocities by the m-tW. : given in Section 3.3. In'
some cases, the height-ver~sus-time curves were lineaz t-11i plume effects appeared, and
the slopes ot the lines were assumed to represent itutial * ':l-A:ties. These constant
velocities were observed on some records at the 200- and 4' 0-foot radii and on all records
at the 300-foot rsdii. The measured values are listen .1) tC'ble 4.1. Means, standard devi-
ations, and coefficients of variation are also shownt; the latter indicate an increasing scatter

wihinorensfng distance from surface zero. LIn!iaicl Iis wore not measured at radii
beyond 600 ut-t because of the scatter of the data points.

By means of £cqeation 1.4, It Is possible to calculate I'e~ underwater shock preattures
and, hence, the yield from initial spray dome velocity, If the depth of Lxerst an-i shock velocity
are known. For a shallow burst, such as Umbrella, a.ui nhock velocity It, changing rapidly
near the surface and a constant value cannot be assipnoie to It.

However, It is posslible to eatimate the yield from ýIhv spray dome data by iusing the ratio
of peak pressure to shock velocity PW/U as a vartable.. For U1mbrell a, Equation 1.4 reduces
to:

U 145 cos 6

Values of Po/U were found from the spray dome velocity data and are shown in Table
4.1. The means are compared with theoretlez.1 v'alues for yields of 5, 8, 10, and 1.5 kt
in Figure 4.7. An interpolation of the !n4,ividu:.l calculat.ed vatues indilcates effective hviro-
dynamic yieldR of 12.8, 13. 1, and 15.6 h-t at stir! wce zero, and hortrontal r!"'! of 100 ano
200 feet (150-, 180-, nrnd 250-foot slant ranges;. The aulcrage of all Individual )i10d detur-
minatlons in this region is 14.2 kt. At greatev distancee. the values are unreasonah~y high.
probably becaiuse of difficultieb in measuring the smalle, heights and the possubic o'.,currence
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of high Instability (Reference 14) velocities for brief intervals. Table A.I includes all of
the yield values ohtained from initial spray dome velccitles.

The calculated yields based on this method are considerably greater than thu r.iochemical
yield, becaase the burst occurred on the bottom of the lagoon. It has Iein estimateu. that
the presence of the bottom would produce an effective hydrodynamic yield 1.6 times that
%014 dlcd fromn the same burs" in free water (Reference 20). uivldiig this lactor iito tilt
surface z,"-o value of 12.8 kt gives a total yield of 8.0 kt, and applying .. co thc' average
value ot 14.2 kt gives a total yield of 8.9 kt. The standard deviation is 3 kt fir the Individual
yield determinations at the three radii given above, so thiat, within the limits of scatter,
the average total yield of 8.9 kt Is In good agreement with the reported r,,.Xochemical yield
et zs kt.

t should be noted that the retlection factor of 1.6 wis calculated on the basis of an
assumed er.ergy par:ltlon between water and coral and is subject to some uncertainty. It
could vary between the extieme limits of 1.0 artc 2.0. but neither of these is likely.

No reliable data on the spray ictardation cectficlont f could be obtalncd 9n Un.brella,
because the plume phenomena cu•scured the latcr behavior of the spray. The measured
values showed wl "nrlability, ,hey averaged 590 and 340 ft/sec2 at surface zero and the
100-foot ri.dii, rt. t hich is probably only a rough order of magnitude. in cases
where the velocity % ,s cc:,. tant during the short period of measurement, no i etardatlon
could be ditermined.

A curve of maximum r ,,s:.rvcd sir:-,' n4OFT,, hetirht for radii ,t .;. ,. u-, 1,500 fu,.t
at about 1 second after SZT is shown in Figure 4.8. The plumiie undoubtedly hieieased tie
values nearer the center, but this effect cannot be evaluated quantitatively.

4.4 TRAJECTORIES OF OBJECTS NEAR SURFACE ZERO

Shortly ifter the appLarance of the first visible surface effects. several objects, followed
ley tralk olf Rprny. poald he •een rising alove the ,.vits A' portion of the spray "'c.rhe.•
objects were probably buoys, portions of barges, and the like near surface zere, which were
propeded upward by the underwater shock wave. The location of some of these objiýý"ts
prior to detonation Is shown in Figure 4.9. The Zero Buoy was a modified Navy teleph(,ne
buoy about 10 feet in diameter. A Zero Barge, which consisted of an LCM placed in the
well of an I,CU, was moored about 50 feet from the buoy. The barge contained firing rach,
and Project 1.11 electronic equipment.

Figure 4.10 shows the appearance of the objects rising above the spray dome. It was
possible to measure the traject,.r-.3 of three of these objects from the three surface camera
stations (Figure 4.111. A parabolic equation of the form used in the Wuloo spray dome
analysis (Equation 3.2) was fitted to the data. The fitted curves are shown in the figure,
together with the!r equations. Dccause of thc rc...tively short duration of the trajectory of
Object No. 3, no attempt was made to fit a curve to tlheco values. With the exception of
"-bject No. 3. the lateral component ot motion was negligible.

The resolution of the photographic records was inadequate to identify the objects, and
triangulation of the trajectories from 'he tnrce camera stations was probably -* accurate
because of measurement difficulties. However, this method provided estimates of the
locations of the objects prior to the shot. Object Nu. 1 waa estimated to be 18 f23t fr.)m
surface zero, at a bearing of 65'. 'lbis object had a large gray spray trail and was still
rising %hen thrc of measurement ensed. An initial velocity of 1,U20 ft. -
indicated.

Object No. 2 was approxomately 37 feet itrom surface zero at a bearing of .10* . Its initial
velocity %%as 2,260 ft/sec, and it had a high retardation factor. Therefore. ts trajectory
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leveled off during the period of measurement. Its spray tradl was also gray.
Object No. 3 was 29 feet from surface zern at a bearing of 186° . It rnse out of the black-L

nat.ih prod..red on the side cf the apr'ay dome hy tIh ibreakip of the Zero Barvr. Th•v.i o b,,l

was f,,lowed by a narrow white spray trail.- A lateral component of velocity of :170 ft/sec
nd -,.- vcrt!cal component of 1 ,951 ft/qp w..o Rhown IK" the data, g.ving :n initial velocity

of about 1, 185 ft/sec.
A theoretic.-I pe.ak pressure of 74,Jau psi at surifce zero is predicted by Rieurenc'. 17

for a yield of 12.8 kt (8 kt multiplied b.., a factor of 1.6 because of the effect of the bCttom,
as discussed in Section 4.3). This would give an Initial spray dome velocity of 1.570 ft/sec k
at this point. The Initial velocities of the objects measured were from 1.2 to 1.- times the
e.xcpected spray dome velocity, probably as a result of a different mechanism at initiation
ol the motion.

In addition to those that were measured, other objects were seen to fall from the upper
plumes-(EG&G Film 52249). Because of the greater importance of other measurements
for this report, all the trajectories were not measured, and Pll the photo-,raphib. records
were not analyzed. Should the need for more Information exist, additional data can be
obtained from the record

4.5 PLUMES

Since the development of the p;'i•,s frorm. t -,. ome on a relativea:- qta,•ow ourst
like Shot Umbrella is a fairly continuous process, It Is difficult to distinguish the two
phenomtma. However, the spray dome height-versus-time curves in Figure 4.6 show
discontinuities, which indicate that now jets originated In the sidea of the Umbrella dome
about 0.4 second after SZT. Close examination of the photographs shows that these jets
had strong lateral components of motion, indicating that they were produced by the expanding
expcsion bubble. At this stage, the water pushed out by the gases and vapors was probably
du¢clirdinig.

The •iume continued to rise and expand laterally, altaining a roughly cylindrical shape,
as shown In Figure 4.12. The plume was wider near the top than at the bctom, with the
narrowest portion, or neck, at an average height of 3f ' to 400 feet above the surface.

Figure 4.12 zhows that the plume consisted of a mass of jets, which broke up into
spray. The jets in the upper part of the plume started out in an almost vertiual direction
from positions close to the burst and had hroken up into a fire cloudlike mist by the tim'r
the plume reached its muxitnum height. The height-versus-time data showed slight dlscon-
tinuities as rising jets overtook wd passed jets above them. Since a narrow let rose a
few hundred feet above them. Since a narrow jet rose a few hundred feet above the top of
the bulk of the plume, the curves In Figure 4.13 are for both maximum height and average
height. The vertical growth had virtually ceased at 20 secotids after detonation, when a
height of about 4,900 f',,t was reached. For aircraft safety considerations. it may be
Stltes u..it the maximum plume height for Umbrella was 5,000 feet. The scatter in plume-
height data for a camera station and the spread cf the curves in Figure 4.13 about the mean
never exceed *5 percent. In some cases, thb measured average height exceeded the :(.

ported maximum, particularly at late times. This can probably he attrih.t.ud to Measure-
ment difficulties.

Because of the random nature of the jets, the lateral Zrowth of the plume was not entirely
symmetrical. Plume radii relative to surface zero were measured to the outermost I .,
as seen from the three surface camera stations; these .: rves are shown in Figure .u.
The jets in the plume started to spill over and fall betwee-i 10 and 11 seconds after the burst.
The maximum measured plume diameter, as seen fro.i the LCU-1123, was about 3,250 feet
at 22 seconJs after SZT. By this time, the plume had lost its sharp outline and h'ai h.come
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a 'oughly cylindrical diffuse mass or spray.
At early times, the lowcr part of the plume resembled the column obscrved during HE

tests. The lower Jets that formed the ,olumn followed relatively short trajectories and
'-h,;•• .. .....a ukf,,,u at lalXgZer,•,' wit..,,.:h L"C vcrt!Lal ,,,hn " %h Jctr.• *.:'c, :'-c- to t~ho top of'the

plume. Trajeetc.ics of individual jets that could be followed on the records for several
iec,)ol.z are ýhur~n in Fiirp 4.15. ThA tonp of the column could not he clearly distingulshed

fron ,he llghter material above It.
Meaasrements of the lateral growth of the column neck are included in Figure 4,14. This

region was measured for scaling purposes because of its smooth appearance it early times.
However, jets became clearly visible In the column neck about 3,u seconds ftor Sz'r. These
reached a maximum height about 6 seconds after SZT.

"The gradual settlement of the plume material, which .tarted about 20 seconds after the
shot, may be called fallout. Tke plume was divided into three large masses of falling
material: the largest at the bottuji and the smallest at the top. Figure 4.14 shows a rapid
decrease in diameter between 35 and ,10 seconds when the lowest mass settled out, anC

mcasurcmcntsa were shifted to a higher level. The plu;ac, or fallout, dinranter decreased
continuously thererfter as material dropped to the surface, leaving a relatively narrow
cylindrical mist. eur,'mPntA of the motion showed that the fallout moved in the direction
of and at abiut the sp. d o•, 2' wind from 20 seconds until It was no longer visible. A fall-
out contour at 140 sOL,,ads is included in Figure 4.1q. Fig'or 4.13 shows that the mist at
the top of the plume Ptk',ed = a average rate 9f about 23 ft/sec. 'h•., . ,pe, :nce of the
plume during its collapsing atage is showa n .igure 4.16.

The mist remalnung from the Umbrella plume was visible for a longer time from the air
than from thu ground. However, the reported tImo of disuppearance varied with the point
of observation and the observer, In general, thL mist was visible on ler.al photographs
until 3 to 4 minutes after SZT and on ourface camera records only until 100 to 120 seconds
after SZT.

It Is interesting to note thst a string of ball-crusher gages, which was ,uspended from
a buoy about 590 feet from surface zero by Project 1A., was recovered intact after the

burst (Reference 19). Tlh,% prob.aly indlcates that the radius of the cavity produced in the
water by the explosion was leas than 59, feet. Measurements show that the outside edge of
the column extended well bcyond the edge of this cavity.

A movement of spray into tho column wb ubtei vt:,d on Film 52268 about 4 seconds alter
SZT. This probably indicated a rupture of the column wall and a subsequent inflow of air
because of the low pressure Inside the column. The column neck radius was 565 feet at
tnis time,

4.6 VISIBLE BASE SURGE

The leadlrg eodg of the Umbrella base surge emerged from the bise of the column about
7.4 seconds after SZT. This surge front was possibly a spillout of material at the qdg;. of
the water cavity. A sin, _r phenomenur wa:- observed during Shot Baker of Oreration
Crossroads and i, HQ. tests. In some h, o bottom niatericl was observed,to spill out ot
the base of the column. Az the Umbrella aurge moved radially, the collapsing c,-,'n fed
material Into it. Alter tho columr, had subsidvd, the surge continued to spread along ihe
surface as a ring-shaped cloud. The surM was Irregular in outlue but did not foi ii, •,pa.u

lobes as rupidly as during Shot. WYalo. At the end of the "ongrst a.' blo photof.Taphic
record Wiilm 5-247), ih:ch was at 25 minutes th. Jibrlla ,urt're was still vis.,ni. troan
the Wr as a well-defined toroldal cloud,

Figure 4.16 hhowe the collap.se of the Umbrella plh, me ind the formation of the base surge. r
The surge strueturP, qs seen from the air when the piume was no longer visiola, is illustrated
in rligurt. 4 17. 9
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Figure 4.18 Includes the measurements of right and left surge radii as seen from the U
three surface camera stations. The be:.ring of c tch radius, In reference to surface zero,
is indicated on the figure. The longest and most useful record was that obtained from

Station 940 (51te Glenn). The right and ieft radii seen from these vaintrta lay on ilic 72'.-

to-'.52' awds of the surge, which was approximately parallel to the reported surface wind
.'i, ir.,,•tl .w M,1). T, auirrn VALr.alty wa. Initially abnut 1,7 kn.t•n n thn - 2 radlimx,

which was appr.,ximately downwind. At 50 seconds alter SZT, the velocity had .'creasri
to 61 knots. The curve for thd 2" radius levels oft at about 4,200 ffet between 90 and 100
seconds after SZT, and then indicates an appreimately downwini motion, which seems to
maintain a constant velocity of about 11 knots after 200 seconds following SZT. However,
mmusurements taken near the top of the surge, on the 72" bearing, showed a motion of about
20 knots at 135 seconds, which is in agreement with the reported surface wind speed.

Photographs show that the upwind trailing edge of the Umbrella base surge lagged behind
the main body of the surge, probably because of retardation by surface friction. It also is
possible that the surge was denser near the surface and, therefore.' less subjet to the
Influence of the Mind. As the surge moved downwind, It appeared that spray from the sur-
face of the foam patch was o'trlpped off by the wind. This mist was not distinguishable from
the surge. and added to thL 'fia.,'yof obtaining surge measurements upwind after about
190 seconds, when the upwin traI 'g edge was in the foam patch. It possibly moved beyond
the foam pauch about 520 see m"-. 'fter SZT.

Figure 4.19 e.o.•a the orly 4ar,. . jrge contour al,,Llable for Shot Uw... .•". 'r w ad
obtained at 140 uuuwnd, after' SZT Irum Film 32256. T11w surge had a sliglitty lliptlel-
shape at this time, and Its Irregular outline car be clearly seen. The disruptier of the
surge by the downwind target vesieli iv also evident in Figur. 4.19. These effects illustrate
the U.mitations of surface photography for establishing the tt",,t mnape and dimensions )f the
base ;mu' ý.

An attempt was made to determine the drift of thle lcmbrella mIrge on the aprial photo-
graphic. records by mesaouring the distance between the center of the aurge and the center
of the foam patch. This proved to be ,xtremely difficult because of the irregular shapes
of b•Ut phenomena, the diffuse nature of the surge at late times, and the distortion Intro-
duced In some records by the proximity of the surge to the edge of the frame.

An additional photogrammetric problem also existeid In measuring the drift from tht,
1,500-foot C-54, as It was nt nearly tihe same altitude as the top of the surge. The most
useful and reliable records appeared to be Films 52241 and 52247, from the 9,000- and
10.000-foot aircraft, respectively. Although the drift meajurements chowcd ucat:at, L:,.
average motiun meaured between 1V0 and 1,200 seconds wai about 20 knots along the 235'
bearing fre-'" surface .,oeo. This ailffored by S' from the 210" fr-lft expected on the basis
of the reported wind direction, However, this is not unreasotitble, as the surface wind
direction is reported in LO, increments ar.d consequently could have been anywhere between
225' and 235' . In order to obtain consistent data, all base surge measurements obtained
from 4rnraft were adjusted for a steady drift of 20 knots along the 235 bearing, starting
at 10 secon&o after SZT. This movement was added to, or subtracted from, the camera
distances from surface zero as determined out the :adnv plots.

The aircraft measurements showed varying degrees of scatter, depending on such io,;..us
as the trailing mist, measurements between lobes, indefinite edges of the surge, and the like.
However, using aircraft bearings, It was poosible to determine approximate curves for
the average and crosswind surge radii to 1,159 seconds alter SZT. For the first 100
seconds, the scatter was negligible, It increased to .10 percent at 400 -"onds. The later
suige values are questionable because of the limited dat.t after 500 seconds.

The crosswind and average surge radii are shown in Figure 4.20. In addition, th- upwind
and downwInd motion of the surge along the 55° -to-2351 axis through surface zero Is shown.
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The cueves are based on aerial measurements, the contour plot !n Figure 4.19, visual
determination of the surge arrival and departure times at temperature-humidity stations. j
and the surface measurements shown-in Figure 4.18. Two curves are shown for the upwind
trailing edge; one represents the main body of the surge and the other the shallow mist,
which probably Included some spray front the fonam oatch. This mist faded alter the surge
lelt the fowi patch amd was niu longer visible at 500 seconds after SZT, when the 'surge was
beyond the !sland stations. The disappearance of the trailing mist prob.,•!y he'l,is to account
for the ajreement between the averrge and crosswind radius curves at 1,200 Jeconds in
Figure 4.20. At this late time, the surge was ring shaped and was moving vith the wind;
it was probably no longer subject to surface frictional effects. The crostwlnd radius-
versus-time curve ihows a 3-knot radial growth at the end of the record, Indicating a
continued slow growth of the surge.

In general, the :oading downwind edge was more clearly defined than the trailing upwind
edge. The Inner edgeE of the surge ring were also nct clearly defined, and the enclos,
area contained mist from fallout and probably spray from the foam patch. Figare 4.17 shows
a greater vertical development ot the surge on the downwind semictircle than on the upwind.
The greater wind -'r on the upwind half of the surge, where the surge was moving against
the wind at e,:arly ti. .. ;.. ,; ably accounts for this.

What apparently % ,i tU:: ,rrival of the base surge was detected on some of the Project
1.2 alrblast gage recej&,,'. k short positive lidso fuhoued by a i! t ghtiv nuij-ive phase
was recorded at IM.b stonux at the E('-! %I sec;,nd gage on we ,... . ,',' a negative
phase, starting at 19.0 seconds. In both cases, the trace was wavy during the negative

* phase. The data recorded at the DD-474 showed a slight waviness of the trace beginning
at 18 seconds, with a short positive pulse at 19.2 seconds. Alter the positive pulse, the
trace was wavy until the end of the record. No negative phase was discernible during this
period. At the 21-barge, the trace became negative andvery irregular 20.8 seconds after
SZT. These times are in agreement with the radius-versus-it!nu curveo uhown in Figure
4.18.

The maximum height of the Umbrella base surge was measured from the three surface
camera stations. The, duta obtained from different cameras at Individual stationc did not
show excessive scatter: the range approached * 10 percent from the mean in extreme cases.
However, there was considerable deviation between the original average height-versus-time
curves from different stations. The primary reason was the constantly changing distances
between the highest peaks of the surge and the camera stations, resulting from the radial
growth and downwind drift of the surge toward or away from a station. In addition, the point
of measurement shifted as one lob. overtook another or a high lobe evaporated. Also, the
highest lobe visible from one station might not have been seen from another. No attempt
was made to positively Identify the high lobes on different records, to locate them precisaly
In space. nr to determine their exact heights. The effort involved was not believed to be
justified because of the normal variation expected In this type of data. However. an approxi-
,-ite correction was applied where possible by estimating the positions of the high lobes

and accounting for the motion of the surge.
Figure 4.21 ahows the resulting marimum hetg.t-versus-time carves for ii - "iree

surface stations. No correction has been applied for the first So seconds for Stations 942
(LCU-479) and 946.02 (LCU-1123). becaaso the average readings froua the two stations are
believed to lie within 10 percent of the true values. Since Station 942 was approximately
crosawind of the burst and was the greatest dist'Lce away, the error due to sur,,"ý - -tl-n
was minimized, and probably varied between zert* Rnd 20 percent iairing the perS'i of
measurement. A conbtant correction factor ef 0.9 was, therefore, applied to the Station
942 surge heights between 50 and 146 seconds, after which measurements were no longer
possible, because the surge extended bejound the field of view of the cameras. Station 946.02
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was btween ani up%0nd anod crosswind position. Between 50 and 64 seconds after SZT, a
correction of 0.8 was applied to comix.nsatw for the measurement of surge heights about'
3,600 feet closer to the camera than surtace zero. At 64'seconds, the measurements
-ppeatim t shift to lobes pcrpendlculhr to thc.line ol sight. As thc surge moved dlow.%nwdnd
and away frum the btation, the meaiuri J helghto were low -Iter 64 seconds. The correction
f.icturs ibviý vei dd ,nueudn and the uod ,; the measurements at ;4.'s seconds W.rc bacsd on
a wind component vf 15 knots alung the ramera line of sight. After 80 seconde, 'he hlhest
lobes w'ere oig thi downwind half of the surge. wid a average distance from the center of the
surge to the lohes was added to the wind motion to obtain the cor.'ection factor. This reached
a maximum of 1.35 at 248 seconds.

Station 940 (Site Glenn) was subject to the greatest meaiurement error because of its
proximity to the burst For example, at 60 seconds after SZT, the highest part of the surge,
as seen from igurin, was "bout 6.800 feet from the cameras, and surface zero was 12,093
feet from the cameras. To compensate ;or the radial motion of 1he surge toward Station
940 and the simultaneous wind drift, the height measurements were reduced by a fpmtor o:
0.1 at 15 seconds, increasing linearly to a 0.5 reduction at 60 seconds aPnd remaining 0.5
until 1.30 seconds after S"'" when the surge e:.tende d beyond the field cf view of the cameras.

Figure 4.21 is probably ar.z zte, particularly at late times, bu, inndicates the generrl
trend and approximate magn' .,tdc. The figure shows an averago rate f rise of about '.
ft/sec between 15 and 120 set,, ;V 'Jtcr SZT, which is somewust leps thea .'th rate -f rise
of the Wahoo s•rge top. The bn•rotla surge t,. trr'dcd to fluctuate ,. !,?. .. d4
2,100 feet after 120 seconds, probably averaging several hundred feet higher than the Wahoo
surge.

An Interesting feature was the development of relatively dense white cloud turrets oi, eito

tops of th" surge lobes, particularly on the downwind portion. of the surge. This started
about 1 minute after SZTand indicated a growth of the rurge droplets, probably'retsulting
from odiabatt, couling of the surge aerosol. Thu droplet growth occurred at heights above 4
nhra at I ,0flf fest.

4.7 FOAM PATCH

Mt'r the plumes had fallen back to he surface, and as the surge cloud dissipated and
beg4a% to drift downwind, a white circular patch could clearly he seen about surface zero.
The appearance-of the foam patch is shown in Figure 4.22. Its whiteness is due to pulver-
Ized coral from the bottom of the lagoon and foam produced by the violent agitation of the
water. Evidently, there was an upward tliow o! water in the vicinity of surface zero, similar
to that observed on Wigwam and Wahoo. The water spread outi radially, resulting in a
gradual enlargement of the patch and an accumulation of foam and debris at its edge.

The foam pitch was visible and meaiureable until 26 minutes after SZT. A comparisoq
of Figures 4.22 wid 3US. shows the greater persistence and density of the Umbrella patch.
Contr.,:.: traced from RB-SO Film 5225G are shown in-Figure 4.23. Diameters of six uxw.e,
rt'!aUvo to surface zuer, were measured on these contours and were also extrapolated from
makior diameters measured from the C-54 recirdn; thbse are shown in Figure 4.24. %
single curve was drawn up to 500 seconds, because the foam patch-was partially obscured
by Jhs surge cloud, %iaich resulted In a gieat deal of scatter In the data. At later times,
the asyummetry became more apparent, end oeparate curves were drawn for each axis.

A large indentation can be seen on the southwest side ol the foam patch in Figures 4 1
and 4.23. An examination of aerial records showed that .haDD-592 lay a. :to he:,d of thi.s
indentation. ,pparently, when the patch reached th!s ship, about 7 minutes after SZT', it
consisted only of k~am and debris in a shallow layer on the surface. The DD-592 was broad-
side to surface zero and thus blocLed further expansion of this material. The suppisition
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that the foam patch was primarily or.-the surface at late times Is further aupported'by a
dlietinet motion of tha patch in the downwind direction, as can be seen in Figures 4.23 n, Ia
4,24.

A region of rado•actively contaminatcd water was detected on Shut a•ilbralla by Project
2.3; however, the dose rate was considerably smaller than that recorded'on Shot Wahoo
(Rv'Mt'enuu 31). C.•.--alnatit o:,f the water adjacent t,- the t~agt :0dp5 was a1.,., u.¶ilvd

by Projeet 2.1 (Reference 12). The only succesaful record obtained by L,:3 pr(.,.ct was at
the DD-593, beyond the foam patch, w:iere a total dose of 0.7 r was recorded for the first
8.5 hours alter the shot, it Is probable that the settling coral scavengetj moit of the radio-
active debris.
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Figure 4.1 Primary shock wave slick, Shot Umbrella.
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PRIPACV SHOCK~ S' " 'K A.ND SPRAY DOM4
0. 37 SECOND

CAVITATION~ IJLSE SPR$f RING

0.77 SECOND

Figure 4.3 Aerial views of stick, spray dom~e,
and cavitation pulse spray i:ng, Shot Umbrella.

10l

CONFIDENTIAL

I- M-? ý



-~~~~A -4 _ __ _ _ __ _

w 0

r r _____ __________ 
1ýj___ 

__

1081

CONFIENTIA



?&*~~~~ W,~-; . ~ ~ -a;

OJA SECOND

-Wý ------ 79 70

~ ~>*~;T

Fiue45Spa "e ho mrla



It

N\ 8I !I Of

, LI i i UU

I I

0 

I

CC -x

I--

- C __ -. .. .. . - l -'

,IwI

to 0

110

CO FIENIA



~'z -

"25 
I

20 T

- PREDICTED BY WT-1004
o COMPUTE" FROM UMBRELLA

15 - - INITIAL SPRAY DOME V-LOC T

\ ls5kI• (EQUATION 4 1)

100k

a kt7k

5 k-

Q~Ik 
0

0

2-

Is f- . - - -

',o ,50 2 50 20 00 400 500 600 8009001000

SLANT RANGF. R (FEET)

Figure 4.7 Po/U versus slant range, Shot Unimrella.
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Fig'4re 4.9 Locations of ships and buoys prior to detonation, Shot Umbrella.
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Fiz~urt. 4.10 Objects rising above the spray doine, ShoL Umbrella.
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Figure 4.9 Locatlona of ships and buoys prior to detonation, Shot Umbrolla.
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Figure 4.12 Plume, Shot Umbrella.

CONFIDENTIAL



__- - F -0 ,X

-~~ 
ir-- M 

___________

it/'

s-ni 0

/ l U
133 'AH91I :t

'I I 11I

CONIDETIA

6W1:



iI ___ .... _F_

#300c

+ISM\

COUM4 94Oa "-

-7777

-ONFIDENTIA I .

I I

"- T RAMS

-I~---- --- MA -I --

'0 '0 20 50 si '~1___

-2f,"O - 0 20 30 40 60 TO00 9

7W(SEcC'OS)

P(Sutre 4.14 Plume radius versus time, Shot Umbrella.

CONFIDENTIAL

w N
____ ____ __ _ for, __ 1w



4000-

-PORTIN OF TRAJECTORY
MEASURFn -

... EXTRAPULATEO PO~lION
0 / OF TRAJECTORY

3k 000 611

I--

0 0 So 100 150

/

Fiur 4.5Taetre fjtAnpunSo mil&

/ //

1281

CIt /

II I --

I I / /
II / /

o II / I,/ I

0 500 1000 1500 .
RAOIUS (FEET)

Figure 4.15 Trajectories of Jets In ih~a,.e, Shot Umbze1!a.

CONFIDENTIAL L:



P,

17 SECONDS

32 SECONDS

Figure 4.16 Collapse ol olume and formation of
hbase surge, Shot Umbrellat.

119L

CONFIDENTIAL[

____ ____ ___ ____ ___ ____ ___ ____ ____ ___ ____ ___ ___5_ F



flRI k3il

.1
'4AMN'TE

6.9 MINUTES

Figure 4.17 Base sm'rge at late times, Shot Umbrella.

CO NF IDE NT IALI



.i

, • .• . • •- j.. .......- 1|

I _______ ____al[-1---- 4 _-I.No

I ,vI

JL/

8,-
8 09

I ~' A



TRUE
NORTH

FALLOUT

c:7C

SITE HENRY

0 M OO0 0 In 'o 00"!

140 scECONIO I. , I , !
SCALE, FEET

Figure 4.19 Base surge contour, Shot Umbrella.

122

CONFIDENTIAL

___________________________________________________



j2,

'-A

8V

___ _-- -'-F q

P.,.Li1 R' -7

~ jj 7 _____a



-' ,

/ . -

o 0

22

COFD4TA



- - - ~.'-..r-

146 MINMUTES

Figure 4.22 Foam patcl', Oshot Umbrella.

125

CONFIDENTIAL

Me,____________________________~n~.~..~.------.--



H
TRUF

PORTH

5.1 MINUTES 8,2 hNNUTES

CSURFACE 

SURFACE

14.2 MINUTES 22.? MINUTES

0 5AO0 10,000

SCALE- , FEET

Figure 4.23 Foam patch contours, 5nut Umbrella.

126• i

CONFIDENTIAL

_____ ____ ____ - -- - . -'



00

4I\./."

N 1,*'

Xi --

-_ 
A

01

* - --- 127

CONFIDENTIAL 

t

I i"'4



Chapter 5

TEMPERATURC. AND• HUMIDITY M4EASUREMENT

5.1 THEORY OF TEMPERATURE AND HUMIDITY CHANCES IN A BASE SU'.(GE
When a bus sage separates from the collapsing column or plumes formed by &D under-

water explosion, the ral.uis of closely spaced watrdr.opm and entrained air behaves like
a homogeneouts fluid floydng outward, because Its bulk &•nsty, to greater then the density
of the ambi n air. The drop size spectrum in tLe_ base surge has not been estab)ished. but
an upper limit of 0.1 am in dlarnater with possibly 50 poreent of the drops smeller than
0.01 oam in diameter "aen '- ae reasonable rough estimate of the distribution at early
times for it shallow tyarst t.4ru.e-c 2). As th,% surge proKrss~s outward. the processes
of mixing, evaporation, and mondw.wation changm the drop size distribution and also the
Wuiwrest'dre In the surge, siuov •':=..rat*on Is a cooling proiw., and .denx#on has a

warming effect. The relative humlity of the c-trqJned a:fr Is also X64-•.-L
The measurement of temperature and humidity change in:•ide the Hardtack base eurpxs •

was planned for the purpose of gaining some insight into th.ase processes for shallow and
deep nuclear buarsts.

5.1.1 Evaporation of Drops of Pure Water. The rate of evaporation of a single ststionr,,
drep wnder steady state co~ifnsl~~ is given by the following equation (Reference 33):

dM" d (5.1)

.dH
Wbrst W rate at which mass (vapor) flows ac.rt~s the boundary of the drop. gin/see

K = diffusivity of water vapor in air, cm,/l"c

d C diameter of drop, centimeters

Pd W water vapor density nt 'ho surface of te drop, lum/ce3r b ud

pa a water vapor density in t ae ambient aAr, b s/cmi

The toue timet roquired for ti e a ompeite evaporation of a drop Is

t a P Cotd•, (5.2)
8K (pdl - Pe)

Where: t i time foe complete evaporation, seconds

p t densibf of liquid water In the drop, rm/cm3 t

do x Initial diameter of drop, centimeters
Equation 5.2 indicates that the time required for drop evaporation 16 a.":portiondal o the

dquare of the Initial diameter and, consequently, to th Initial surface area of the drop.c
51. ti1e for evaporation will be slightly less at high Tir temperatures than at low tsimperatures
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becajase of the variation in the d1ffuslvft�r K. This purameter Increases slowly with Increas-
ing ten:perature in the atmospheric range, having, for example, values of 0.257 cm/scc at
E� F and 0.273 cm/aec at 85 F.

Equation 5.2 also shows that the evaporation time is inversely proportIonal to the differ.
ence between the vapor density at the drop surface and the vapor density In the ambient air.
At the drop surface, the air Is usumed to be saturated with vapor at the temperature of the
drov. If Pd exceeds p�, evaporatIon occurs; ft p� is less than Pa. wale� vapor ccadenac�
on the .i�op.

Although Equation 5.2 Is correct for a steady-stats condition (constant Pd � ,,a). this
seldom occurs in a base surges and the variations In Pd and Pa sad drop s�d air temper-
aturee can be quite complex.

lath. ambient atmosphere, relative humidity mq be defined an:

a.ii. - �oo(,�a�) (5.3�

Where: R.H. � relative humidIty, percent

Pa� � �"v vapor density at saturation, gm/cm 3

The saturatlee watel �sp'�r �MIty Pu l� measured in reference to a plane surfac, of pure
waler. it is a functius' .�t temperature only. if api?. uur�"�e of pure waler Is at the same
temperui'ro us the '1: wi' ii and 11w air Ia at a relative hwuletltv �.. . �0 �cvnt,
P5 Pan* and a stale of e.�iUbrfuni cxc.stu. 4 the relative bimld�, Ia less than 100 pe�ent,
Pa � Pass and evaporatIon OOOU?5.The behavior of '�cps of water Is more difficult to treat than the behavior of a large
volume of water with a level surface. Two effects that occur with small droplets are an
inereare to equilibrium vapor pressure became of surface tension and a decrease in
equilibrium vapor pressure lithe droplets carry an electrical charge. However, both of
these effoets are negligible for drops greater than about 2 x lOt cm in diameter (Refer-
ence 34). Drops smaller than this size will act he considered to the followiz� discussion,
since it I. believed that only avery small fraction of the drop. to the surge fall in this
alan rasp.

5.1.2 Effect of Salinity. The .alhiity of sea water reihoes the vapor density at the cur-
taco to a value about 96 �rcent of the 'value of Pd at �be surface of pure water (Reference
35). Consequently, the surface of the ocean Is to eq4b�rlum with the air if the relative
humidity Ia � percent, providing the water and air are at 'he sime temperature.

If the relative humidity is. less th.an 98 percent, a drop of 'es water at sir temperature
will start to evaporate. As the drop shrinks, the concentration %f dissolved sea salts
Increases, resulting in a gradual lowering of Pd' A saturated soiu±loa of sea salt Ia in
equilibrium with Its surroundings at a relative humidity of about 79 percent (Reference 36).
At this stags the salinity to about 135 parts per thousand IRsisreace 31). Consequently, a
drop of sea water will evaporate until It becomes a saturated colutlon If the ambient relative
humidity Is 79 percent or lees. If the :ul.�Iv. h�amldlty is 33 percent or less, evaporation
will continue until day salt particles remain (Reference 36). The poreentage cns±�o In the

* Initial diameter of a drop of sea �ater as a function of relative humidity Is showe in Ff�ure
5.1. The relative humidity at L'ae four underwater nuclear tests Is also Indicated.

5.1.3 Effect of Temperature. The proceas of boat exchange to Important ts. us, enuro
a evapora±iou (or condensation) process and ".aar..�t .. e neglected. Initially, a w,,z,.r drop

produced by an underwater euploelon may ho wanner or cooler than the air or ft may be
the sante temperature. If the explosion beam t�e waler surrounding it, huat�d water may
enter ti" baa" surge.
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If a drop is warmer than the air, Pd > Pa, and evaporation will take place. A fractiuli
ot the heat In the drop is conducted to the air and the remainder is used for eva.porat,,n.

'If the relative humidity Ic below the saturation value, evaporation will continue, with heat
provided by the drop, ur.tii the drop cools to the temperature of the air. At later times,
the heat for evaporr'ion will be provided by conduction from the air. The drop then cools
to approx' nately the ambient wet-bulb temperature Tw. In an infini:e atmosaphre, a stey.'y
state Is reachT-d ad the drop remains at approximately Tw while it evaporateo, provdilng
Pd at the drop temperature exceeds p .'For a drop of pure water, evaptoratic.t shoild be
complete. With sea water, the percentage of evaporation of a drc- !; -.. by F!,-rc 5.1.
At equilibrium, the drop temperature returns to the ambient valuj.

It Is also possible that an explosion in cold water will produce drops that are colder than
the air. In this case, evaporation will occur if the relative II imidity Is low (Ud > Pa).
However, high relative iumiditcac are more common over a water surface and, if Pd < Pa-
the surge drops will grow instead of evaporating. This would have a warming effect.

5.1.4 Applicability to Base Surge. For convenienite, the changes which occur in the
base surge inX be divid, t !o three stages, as discussed in Section 1.4.4. During Stage 1,
the surKe it assuiaed tu be. highly concentrate'i aerosol that does not mix wi.h the
ambient air. During Stage mix~ag occurs, and the oui• is gral"j1y. dtiated. During
Stage 3, the surge drops are vf Ii.;y zepirated and behave as though tha ,, InI fnll
atmosphere.

For a small HE test in fresh water, Stages 1 and 2 are very brief, and, if the Initial
drop teinperature is near the ambient wet-bulb temperature, Fquatlon 5.2 provides a good
order-of-magnitude estimate for the duration of thb base surge.

For a large explosion in fresh water, the air between the drops during Stage 1 should
cool to the wet-bulb temperature. In this case, the air becomes saturated, and evaporation
ceases. However, during Stage 2, the relative humidity in the surge is reduced by mixing
with drier air, and evaporation continues at a rate depending un we rate of mixing. During
Stage 3, the drops evaporate completely.

When an explosion occurs in the ocean, similar results occur except that the drops of
sea water du not completely disappear. They may remain as a concentrated solution of
salts or dry salt particles, depending Upon the relative humidity.

SThe situation was more complicated during Shot Baker of Operation Crossroads when
new cloud development occurred at the top of the base surge during Stage 2. This was U
result of the liftinr of the humid unstable ambient air by the surge. Su',sequently, a rainout
occurred,.possibly originating in the naw upper clouds. This rainfall probably scavenged
the babe surge droplets and deposited the surge material on th'. curface of the lagorn or on
target vessels.

5.2 INSTRUMENTATION

Temperature-humidity recording stations were established at various diuatances from
surface zero on Shots Wahoo and Umbrella. The major component at each station wa4 .ý
Foxboro resistance dynalog tempera.ure recorder, which was modified at NOL to record
both dry- ovid wet-bulb tempei atures. Relative humidity was cplculated from the two

temperatures (Reference 38).

5.2.1 Recording Instrument. A Foxboro resistanco .:ynalog recorder measure- t.:,.er-
ature variations by means of the change in electrical resistance of a sensing e!emen., tiarough
a modified Wheatstone bridge The ottp,,t of the circ. it is recorded by mechanical linkage
on a synchronous motor-drivfn chart directly as temperature in degre-s Fahrenheit. The
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recorders used have thrcc ranges: 20" to 70" 40 to 90" , and 50" to 1,00 F. The rage
depends on the vai,,io of resistors ir.scr,:d In tie circuitry (Figure 5.2, Item 5). For
Operation Hardtack, the 50* to 100* F range was used because of climatological conditions
at EPJ.

The Foxboro recorders were checked for linearity by the.use of precision resistors.
An : tempt was made to hold errors in linearity to i 0,F, but small acuumulative to'-rances
in the pen Ilukge and chart positioning from chart to chart may have inc,:Ased *he error
to 1 0.3' F. This gave a systcmatic discrepancy between the actual temperature and tCat
recorded but did not affec. indicated temperaturA changes once the recorder was in opera-
tion. Temperature changeo as small as 0.1" F could be seen on the recort:.. It is believed
these are real. Test readings of temperature on the same record by several persons agreed
to 10.10 F.

5.2.2 Power Supply. The power supply employed it the field was a combination of t
6-volt, 90 ampere-hour batteries, wired in series, and an Americrit Teiuvision ani Radio
Co. (ATR) 1WU/RSF inverter. The inverter changed the 12-volt de battery power to 110
volts, (0 cps, and ' -4 rated output of 100 to 125 watts at the 110-volt level.

Tli" fruquuncy wi, ,t.;, .autput of each ATR Inverter were checked under the varying
canditloi;i expected in the fi.id. CO'.puit voltaiaes remftined well within the operational
lim,'s for' the Foxboro iv c.dJr (110 percent). Frequency varied a",# :1 pe" ";ent under
all test conditions, but for aa.h-1 indivwdu- ! he.--te, unit the reprai, ,.*.., .. 0.5 paicont.
The reproducibility of the frequency output of each inverter was iniportant, beemtus tho
chart speed varied with this parameter. Provisions were made to record the minus 1-
minute and the minus 1-second radio timing oignals on the edge of each chart. From those
radio signals it was possible to determine chart speed near zero time and also zero time
itself with a high degree of accuracy. Chart speeds determined from these radio timing
signals and those determined with a stable source in the laboratory are given in Table 5.1.

5.2.3 Mounting and Shielding of Temperature Elements. The Stikon sunslng element
(BN-2 thermometer manufactured by Arthur C. Ruge Assoc:ates, Inc., Hudso,,, N.H.) was
a grid of fine nickel wire (0.0008-Inch diameter) bonded into a paper-thin Bakelite wafer.
The dimensions of the wafer were 1.5 by 0.5 by 0.005 inches. This element was
bonded, in accordance with instructions of the element manufacturer, onto a strip of metal
0.013 Inch thick. The meWal backing strip was used to attach the element to a holder.

Two types of holder weru used to position the elements; these are shown as Item 7 In
Figure 5.2. A p!astic ht.1dur wis u'-ud for the dry element to provide as last a response
time as lwasible. S!irce the response of the wet element Is inherently faster, the stronger,
more simply constructed metal holder was used. After the elements were bonded to the
backing strips and mounted on the holders, they were waterproofed with a very thin coating
of Araldito (manufactured by Ciba Company, Inc., New York, N. Y.). The required number
:.: these ualts plus an equal an.-)unt of spares were p"epared ind tosted In the laboratory.
The units were designed so tVut they could be easily changod in the fiold.

Two of these sensing el•!nents, one dry-bulb and one wet-bulb, were cc,,ne'o.' to each
recorder alternately through a cam-operated ruicroswitch (Figure 5.2, Item 5). The cam
was cut so that the dry-bulb recorded for a period about three times as long as the wet-bulb
(approximately 6 seconds and 2 seconGs). The wet-bulb element was covered with a wicking
that extended into a reservoir of distilled water. The capacity of the reoervoir "'-'-'i
unatterded operation for a keriod of several days.

The mounted.t elements were positioned in separate compartments in specially designed
shields (Figure 5.3). These shields were desig"ed to give the sensitive elements maximum
protection from sola: radiation and precipitation or fallout. An electrically driven fan.
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:Ailch furnished an airflow of about 11 ft/sec, was installcd below the elements in each unit
to insure sufficient ventilation of the elements.

The shielding of the elements against solar radiation and precipitation wa. clmced fur
effectivenes by comparing recorded data with data obtained from standard temp'-ratere-
humidity measuring instruments in standard Weatier Bureau instrument shelters during
various cli"iatic conditions. The system was also given In preliminary field Iett in the
Project 3.1 trials off the coast of California during January 1958. Tests were. ma,-
on the Instrumentation during dry runs and trial operations of the washdown rystems. It
',,as found that the recorded temperature and humidity were not a~fcted by thn washc.own
systems or by other equipment operating In the vicinity of the zensing elements.

5.2.4 Assembly of Recording System. The recording syste.n (Foxboro recorder.

batteries. inverter, and cihcuit panel) and associated components for each station were
enclosed In a waterproofed sheet metal box measuring 14 by 18 by 34 Inches. The
Inverter required mounting on Lord shock mounts to minimize oscillations that might tend
to Influence its vibratur. TIm recorder, batteries, and circuit panel were attached rigidly
to the sides and bottom of , box. Eight points were provided on the sheet metal box to
attach the shock cord whic,. qpp...l the unit. The recorder In shock mounts Is shown In
Figure 5.4. A block diigranr ot t.•.c circuitry Is shown h. Figure 5.5.

Each unit was checked and t.,,'il'-vted separately, then ali wmb tur a ntation wOrr
assembled and odlbrated as a ayt.to', In the P!hbrotion of the c'miz•... '.. I
Rensing elements *ere attached to the same cables that were to be used in tne field and
were immrsed In agitated water at room temperature. Since the resistance of each I
element varied slightly, the recorder was adjusted sto that the reading of the dry-bulb
temperature agreed with a precision mercury-in-glass thermomiter. At the same time,
the value recorded by the wet-bulb was noted. The difference between the two readings,
usually 2 percent or less. was applied as a correction to each of the wet-bulb temperatures.
It It was necessary to replace a unit of the system in the field, the entire s3 tteir was
recallbrated.

5.2.5 Sv.'en.t Peiponse. When a temperature-indicating de.ice of any kind, at an initial
temperature To. is -p:ed in a medium with a temperature Tr.. It does not immediately
assume the temperature of the medium but approaches it asynytotically at a rate depending
on the properties of the devica and the medium. The change in the Indication of the device
with time is given by Reference 39:

et= Ir T- Tm (5.4)"

Where: T = the Instantneous temperature indicated by the device, IF

I = time, seconds

x - lag coefficient of the device, se"ond3

Assuming that Tm Is constant. Equation 6.4 can be integrated to yield:

Tm , (To -Tm) e t/A (5.5)

Where: e = base of natural logarithms, 2.718.
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U t .X in Equation 5.5, then

'r zm ( To T"m) (M.)

which Indicates that X is the number of seconde required for the diffetence between the
inrcated temperature and temperature of the medium to be reduced to li/e, or 37 percent
of its initki-, value.

Another term frequently used in temperature measurements is the "time constant",
which is the period of time, in seconds, required for a device to reach a given percentage
of the total temperature change. As defined here, the lag coefficient X, it equal to the 63-
percent time constant and 2.3X Is equal to the 90-percent time constant.

If a temperature change from To to Tm occurs asr stop function and X is known, Tm
can be calculated from the temperature-versus-time curve on a recorder. It ito auso
possible to integrate Equation 5.4 and calculate the actual temperature from the recor"
values, if Tm is a linear or periodic function of time.

The Foxboro recorders are capable of full-scale response in 1 second. However', tlýe
response of the r( '-ting instrument Is limited by the response of the sensing elements,
which, in turn, is, .-r*n•4, on a number of factors, such as the method of mounting, the
thickness cf the ware procZ moating. the shielding of the elements, and the velocity of the
air.

Tie r'uspone Unie .,of av Hardtack !-..1'.runt4.Uon was Juie'-,u..... 1! :.• ,a riso and az
decrease in tomperaturt. Several temperature differences were used. Two enclooti'ts
with different temperatures were employed. The assembled element and shielding were
placed in one of the enclosures and allowed to stabilize at thUt temperature. Then, when
the recorder indicated that the tlements and shielding were ia equilibrium, they were
transferred quickly to the second enclosure. The time required for the sensing element
and shielding to stabilize at the temperature of th, aecond enclosure was obtained from the
thned chart of the recorder being tested. The 63-percent and 90-percent time constants
obtained for the recorders and the elements in various mountings and conditions are listed
in Table 5.2. Figure 5.6 shows the respotase curves foro the dry and wet bulbs and the
recorder as used during Operation Hardtack.

5.3 FIELD OPERATIONS

The recorders were located singly to produce as much data as possible. For each bhot,
one recorder was placed as near t.) the burst as possible in the upwind direction from sur-
face zero and at a locattion expected to be outside of the base surge. Thie was to be used as
a control to measure ambient conditions for the duration of the recording. The remaining
recoi-ders were placed in the expected downwind diruction from surface zero.

On floating stations the recorders we"te sah!ch mo-nted on or below decks (Figures 5.4
"•"d 5.7) with thL shielded sensing elements mounted on masts above the washdown spray
(Figures 3.8 and 5.9). Recorders for the island stations were placed on the ground and were
sandbagged against possible wave action. Che shielded sensing elements wer" :.ounted on
masts about 2G feet above the ground level. Tt Island stations were chosen so that they
would be several feet above the high-tide level and clear of obstructions in the dlrection of
surface zero.

The three target destroyers, which were to be 'ised on both shots, were Inst.-i-••ord by
Project 1.3 personnel during January 1958 at the tong Beach Nav, Shipyarat, 14,ng Beach,
California. The remaining installations were completed -it EPG. Prior to Installation at
the station locations, each instrument, with the exception of those on the target destroyers,
was completely assembled and calibrated at Site Elmer. Units aboard the target destroyers
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were serviced and calibrated In their mounte' pos.ition in time to participate in the v-!c-,s
required trials and powcr runs. The systems were given final tests and sealed for Shot Wahoo
on.the last 2 days before the test. Powe., was turned on at all station.- by the .. iinus 30 minute

radio signal. The locations of the temperaturp-homidity stations for Shot Wahoo are shown in

Figure 5.10.
After Shot Wahoo, as soon as the Instrument stations were declared radiologically safe, the

p.tper-roll coarts were removed from the recorders, and the recorders that were to 1e trans-
ferred for Shot •,,nbrelt were moved to Site Elmer for checking and calibration. The recomners
were then taken to the various stations. The recordets aboard the destroyers were left in po-
sition. These were also checked and calihrated prior to Shot Umbrella. All elements, ,.nields,
and cables used on Shot Wahoo were discarded because of contaminaticn and were repl,ced for
Shot Umbrella.

On the final two days before Shot Umbrella, the recording systemls were given finz] tests
and were sealed. After Shot Umbrella, as soon as the stations were declared radiolog!cally
sale, the charts were removed from the recorders. Alt installat~ons were then disassembled
and the equipment was transferred to Site Elmer and prepared for shipment to NOL.

Figure 5.11 shows the locations of the temper.ture-humldity stations for Shot Um'uiell..

The exact positioi's of all St ',ons for Shots Wahoo and Umbrella are listed In Table 5.3.

TABLE 5.1 CHART SPEEDS OF FOXBORO RECORDERS

C•tbr Chart Speed
Inetrumeunt Shot Station Chart from Radio

Nu mher Speed Timing

in/min In/mln

4 Umbrella YFNB-12 5.97 $.9r
5 Umbrella Site Henry 6.01 -
h Umbrella 55-Barge 6.02 6.03
7 Umbrella Site Irwin 6.02 6.00

Radio Trial Silo Irwin 6.02 0 6 OR*

9 Wahoo YC-9 5.92 * 5.96
Umbrella Site Keith 5.92 5.95

10 Radio TriWl b,.u JAmneS - 6.04
Vnjrella Site James - 6.01
Radio Trial Site James 5.98 0 5.974

474 Umbrella DD-474 5.99 5.95
Radio Trial DD-474 6.030 5.99*

592 Radio Trial DD-392 5.98 * 5.980

593 Wahoo DD-593 6.05 - 6.046
Umbrella DD-591 6.04 6.03

* ChLrt speeds calculated 30 mhwtes.a lter the instrument's Ptarting time.
All other chart sp.veds were c.'culated 45 minutes aftr the Instrument's

st&rtng time. .
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TABLE 5.2 EFFECT OF VARIOUS CONDITIONS ON THE RESPONSE
TIME OF FOXBORO RECORDER AND ELEMENTS

Time Constant: 63 pIt 90 pct

Effect of airflow on response time (clemi-nt un-
coated, unmounted, an unahielded);

Still air 4.0 9.2
Airflow cf 5 ft/soc 3.1 7.1
Airflow of 10 ft/sec 1.7 4.0

Effect of coating and mounting o response time,

(eloment mounted Vn constant airflow of 10 to
13 ft/sec):

Elemont uncoated, mounted
Inplautic holder 9 38

Element coated, mounted In
'astic hol.:ir 19 4.1.

,'!ement coated, mounted In
metal holder 27 90 to 94

Effect -f %ad•.r .I ,ystor., used in the (told
(elemer,t coatv-', mout~teu, Li'u ,..•1:

Element mounted in plutic holder 14 41
Elemtent mounted In mutzl holder 39 95

TABLE 5.3 TEMPERATURE-.HUtUDITY RECORDING STATIONS

lleights of
Station Distance from Be~rIng from ElementsSurface Zero Surface Zero Above Water

feet' feet
Shot Wa2hoo:

YC-1 3,413 31* 38' 21.5
DD-i74 2.900 245' 04 '.
YC.5 4.33? 251* 04' 22.5
D)D-592 4.900 250 45' 62
YC.6 6.250 248" 521 23
YC*7 7 9t4 24?' p,' 22.5
DD5.93 8.900 245' 56' 62
YC-9 9 083 248' 52' 24

Shot Umbrella:

YFNB-12 2.350 68' 05' 49
DD-474 1,900 245" 41' 62
DD.-592 1.000 2481 27' 62
55-FDareze 5.624 251 IS' , 28.5
DD-593 7,900 949" 12' 62
Site Henry 10,3510 201' 20
Site Irwin 11,700 ,*.* 1 i^
bite James 14,700 ;r 20
Site Keith 18.780 2651 22
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* 4. OP OFSHIEL

1.COEFO SWITCHING MECHANISM AND RESISTOR BO'ARDI

6. WET-BULB W ICKING
7. ELEMENT HOLDERS

Figure 5.2 Temperature elements and associated parts.
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Figure 5.3 Assembled element shields.

e.'• k

Figure 5.4 Recorder in shock meant (destroyer).
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Figure 5.7 Recorder in shock mount on YC barge.

*- --- ELEMENTS,

Figure 5.8 Washdlow.' on YC barge.
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Ci' ipter U

RI-SIIoTS OF TEMPERATURE AND HUMIDITY MEASUREMENTS

6.1 SHOT WAHOO

For Shot Wahoo, the recorders t•h,*r-ghout the array ware trlggered prematurely when
improper radio timing signals wcre transmitted on the day beforu the shut. By thu tir-',
It was learned that these signals had been transmitted, it was ,'oo late to reactivate a:' ut
the record6rs. Efforts were made on D-day to put a imited number of thesu statons in
operating conditio i. with priority given to the three DD's, the upwind YC-1, and thW extreme
downwind YC-9. rer',rders on the DD-592 and PD-474 did not operate during the shot
because of a fallure i thl' rudio timing signals at theso stations, and It is believed that
the recorder on the . C-1 failed because of w,'uk ba' ",,"Ies Tfowev,-r, wet- and dry-bulb
tenmpratures were )!,twnvti on the DD-593 and the YC-0 (Table (c Il.

Sihce the base surge wus toroldul in zshupu on both shots. t staz...• downwind from sur-
face zero could indicate two surge arrivals and two departures. These are called the
arrival of the leading edge, the departure of the downwind inner edge, the arrival of the
upwind Inner edge, aznd the departure of the trailing edge. Also, the arrival and departure
of fallout could occur at a downwind station between the times of passage, of the inner edges
of the surge.

Times of arrival 9f the leading edge of the base surge at the instrument stations were
determined visually on both shots by one of the P~roject 1.3 personnel in a photographic
aircraft. These times were checked by examining the aerial photographs. In addition,
times of arrival and departure of distinct portions of the surge and fallout could be estimated
by photographic means and from the contour plots of Chapter 3. Those tinos are indicated,
whore possible, on the figures in this chapter.

Figure 6.1 shows the wet- and dry-bulb temperatures and relative humidity recorded at
the DD-593 for Shot Wahoo for the period from 1 minute prior to shot time to 23 minutes
after. Th,. readings have been cirrected for the variations in time due to frequency
fluctuations in fli, power sipply. No correction for response of the system was attempted
on this record because of the very large number of minute aluctuations in the dry-bulb
temperature. It Is believed that these fluctuations were duo to hot gases from the ship's
stack, which mixed with the turbulent air and passed over the elements. The sensing
elements were mounted 14 feet above and 18 feet downwind of the stack. Photographs of
tro DD-592 taken from the DD-728 showed large amounts of dark smoku rising from the
stack immediately after the burst and drilnig In the general direction of the sensing elements
at that station, lending support to the belief that this als. occurred on the DD-52::.

Visually, the surge was estimated to arrive at the DD-593 at 140 seconds after SZT.
Estim'utes based on the phutOegaphs ranged from 130 to 169 seconds. The dry-bulb temper-
ature curve indicated a rise of 2.80 F at 130 sn•,,ds after the burst Mnd fluctuated sharply
between extremes of about 83.0 and 87.0' F until approximately 190 seconds. "open tue
oscillations became smaller in amplitude, at "upio'dmately prushot le-vela. At 1.7 minutes
after the burst, the temperature rose rapidly and then oscillated between extremes of 87.80
and 95.71 F until about 12 minutes, when it drol,-ped below 88.0' F, reaching a minimum of
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86.3' F at 12.8 minutes. It then rose sharply again and exceeded the range of the instrv
mnnt. It declined rapidly after IG.8 minutes ",d began to level off at 20 minutes, slowly
returning to ambient values thereafter.

Tho temperature rise that occurred when the base surge arrived possibly indica,".d that
the leading edge of the surge was warmer than the ambient air. This temperature change
was on the order of magnitude that could be expected from the heating of tLe wvtý-r by the
nuclear explosi-n. The exact amount of heating cannot be deterainred, becwt-,| We origin
of the water in the base surge is not known. IPw%,,nr,.the source was probably a lajer
between the surface and the depth of burst, which included surface water at an inittail
temperature of 82.0' F and the colder water beneath it.

As shown in Figure 6.1, the instrument- were in clear spaces between the surge lobes
between 152.and 159 seconds and between 215 and 247 second_. The temperature dropped
shghtly, during these intervals. The time of departure ut the downwind inner edge could
not be determined because of the ragged nature of the surge. In general, because of the
probable influence of turbulent mixing with the hot stack gases on the surge tem~roature,
the dry-bulb record at the DD-593 cannot be considered to he quantitatively useful.

The high temperatureo -wepn 8.7 and 12 minutes can probably be attributed to a general
downward motion, or subs, ig r, m':!ow. This settlement wnt probably Initiatel by the
failing primary and seconda.y niuntes, and may hava ronti-lied after the water it the plumes
had fallen owt or had evapor.t,'... 'h1 record provides evidence that the 4tz' " asf wore
normally above the temperature . bnit.,t v,•.....arried do~vn by the ..

The hlgher-temperaluroo recorded betu•e,% 8 a.• 18 minutes cam be attributed to the
passage of the upwind portion of the base surge. Afthough it was poorly defined and barely
visible from the air at these times, a greater settlement or fallout rate was indicated for
the upwind surge cloud at late times than for the plumes. An extrapolation of the curve for
the base surge upwind trailitig edge In Figure 3.23 to the distance of the DD-593 gives a
departure time of 16 minutes, which is consistent with the rapid decline in temperature
starting at 16.8 minutes.

TIP %et-bulb temperature recerd wis smoother because of the slower response time of
the mounted element, which tended to eliminate the high-frequency fluctuations. However,
the curve was similar !n shape to the dry-bulb curve, indicating a rise to 77.7' F at surge
arrival and showing large rises duo to the fallout from the plumes and upwind base surge.
These rises are not quantitatively useful for interpreting explosion effects because of the
unknown influence of the stack gases. The relative humidity curve is also of very limitc.
value bacauso of '..!s fctor,

Wet- and dry-kilb temperattr3 and relative humddity records obtained al the YC-9 are
presented in Figure 6.2. The re.cords have been corrected for time variations due to
fluctuatlonc !n the power supply frequency, The temperature rise to 81.2" F, starting at
160 seconds, was consistent with the earlieet estimated surge arrival time of 161 seconds.
This small rise (0.30 F) provides further evidence that the leadhig edge of the surge was
heated bi the explosion, since the YC-9 was a barge "vith no stacks. The temperature then
fell to a minimum of 79.?' F at 216 secon4is after the burst, and showed only gradual
changes thereafter, mostly between levels ot 800 F and 81" F. The gradual decline .a
temperature, which started at 11 minutes and reached a minimum of 80.0' F at 13.1
minutes, was probably caused by the -,estiges of fallout and the upwind portion of the base
surge. Tne cooling effect was produced by the evaporation of the surge droplets. The
return to the ambient vulue at 15.8 minutes probably ladicates the departure of the s- v..
trailing edge. Consideriag the diffuse, tircgular natri. of this boundary, particulad:-" at
latU times, this result Is reasonably consistent with the time of 17 minutes obtalned by
an extrapolation of the upwind trailing edge of the sutie to a radius of 9ý883 feet on the
downwind ax s.
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-et-bulb temperature rose at the YC-9 when the surge arrived; again, tnis was
proba•, %;we to '.e early htting of the W,6u. that. entered the surge. Its peak value of
75.7F was 1.6 above the anbitn. !uv'l. Thu only signiffc- drop In wet-bulb temper-
ature before the final departure of the surge occurred between 4 and 5 minutes alter the
hirrst, wh'n a minimum of 74,j F was -cachcd. This interval of low levels is consistent
with the two periods shown on Figure 6.2, when the YC-9 was in clear snaces botwen
surge lobes; 230 to 270 seconds and 278 to 302 seconds after SZT.

The curvus in Figures 6.'. and 6.2 were not corrected for the response tinme of the
sensing elements and si¢elding, since an approach to a step change probably occurred only
at the arrival time o' the loading edge of the base surge. Correct'ns "fo. response were
m.'nio at this time I , prepare a corrected relative humidity curve lot' the YC-9, which is
shown In Figure / .. The complete DD-593 ctrve is :!,-u included in this figure, though
no response cor.c,:tions have been made because the humidity values are not reliable. T1e
maximum re'.ohve humidity indicated at the YC-9 was 85 porcent, occurring 12 seconk
after surge arrival. The relative humidity remained above the amlsint level until after
the surge hP, departed.

Within the ran,- -( error in the time d--terminations, the first changes at the Wahoo
te,,,l,,j,,,eaiv-hue-lu in%...u:,ieLUS coincided wvith the arrival ot tie vibibie base surge.
The loading edge of t . sizi,• was warmer Lhau; the surrounding air, but the exact amount
of heating is not kno~u, : :,,-tv of thd paucity of data aid the uncetnal-tv of - adings at
the LD-593. The ovapurati'In of the dr•-',,t-4 In thu surge gru,.:ai,,,...%AuuU. A cooling
oftert and led th a lowering of temperature below ambient and a raising of relattive humidity,
bt*t the limited measurements make it impossible to study these effects in detail on Shot
Wahoo. in general, the extrapolated motion of the trailing upwind edge of the surge shov.wn
he Figur6 3.23 seems to be verified.

6.2 SHOT UMB13ELLA

For Shut Umbiella, all recorders were activated at the proper time, and timing signals'
were receved at all stations. Complete records were obtaincd from six of the nine tomper-
.Lturli-htimidity recorders, and a partial record was obtained from the recorder located on
the DD.474, where cables holding the Sensing element shelter on the mast wore cut by
flying debtris about 37 seconds after zero time. The instrumnnts failed to record data at
Site Henry and or, the DD-592, o'.nmigiu tho eharts jammed on the drive sprockets prior to
shot time. This was caused by a combination of a malfunction of the chart takeup mech-
anism and the olfects of the weatiur cn the rolled paper charts.

Figures 6.4 through 6.10 are curves showing wet- and dry-bulb temperatures and rel-
ative humidity as fenctions of time for each station. The significant results are summar-
ized in Table 6.2. .4 the surge arrival time, a rise in temperature was recorded by the
wet bulb at all stations. At close-in stations, the dry bult, recorded a rise in temperature
fnllowed by a decline; at more distant stations, only a sharp decline was recorded.

In Figure 6.4, which is a plot uf the data from the recorder on the YFNB-12, the only
upwind station, the time of surge arrival Itricaiud by photography was about Z-% t ,cond..
after SZT. Both the dry- and wet-bulb tonperaturei started to rise at this time. The
dry-bulb temperature rose to 84,1" F, then fell below ambient, starting its decline ablx't
40 seconds after the burst. The wet-Lulb temperature rose and fell more slowly, having
a peak value of 80,4° F at 53 scconds after SZT. The illustration Indicics a lo'"sr -. ;,t•,
than wet-bulb temperature between 1 and 2.5 mine,es, a. effect muee likely rc.:-,"ing from
the slower response of the wet hulb. The tempe! ature reacned a plateau uf 77.41 F about
3 minutes after the burst. It showed later fluctations and slowly returned to the ambient
level, which it reached at 30 minutes. The wet-oulb record flufluated about a level a few
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tenthq 'Sf .1 drnr above amhient after about 4.5 minites. A relativc humidity of 100
N.rcent was cblsoredl ..t abo., 30 secolds A.Oui-visg "'l trijo of Sul KV a, -a.

"i.he 72' surge rautus curve presented in Figure 4.16 indicates that the trailing upwind
edge of the surge should have paused the YFNB-12, which was at *) •earing of 1*8* T, albumnt
214 seconds after SZT. This is consiste-t with tht, leveling-oli of the temperature record
after 3 mir-,tes. However. the upwind cerge of the surge was not sharply defnid,.and
ragged patches of mist could be oh ,,rved at the surface beyond the inalik hbdy , l'ie o r,e;,u.

In addition, the YFNB-12 was in the foam patch, which seonw.d to produce a considerable
amount ot airborne spray, possibly by the action el the wind on i:s loam-covered si, lace. b

This foam patch spray seemed to augment the base surge at low levels and helped "o produce
i•s long trailing edge. Tito trailing mist probably accounted for the failure of the instrements
In show a rapid return to ambient readings.

Figure 6.5 is a plot of the data from the temperature recorder located on the DD-474,
1,900 feet downwind froin surface z-ro. This brief record Is similar to the record obtained
on the YFNB-12, Indicating a dry-bulb temperature risc starting at 10 second.; and reach-
Ing a value of 83.6" F. This was attained at 22 seconds; It was followed by a steady temper-
ature decline until the lc' "-nt 2ables were cut at 37 seconds. The wet-bulb temperature
staxt,Ad to rls It•,',i 14 2. .... •uJis, aild wa, still "'Icreasill when' tho. ilkruleluilt
stopped operating. 'ihe time if '.,,e arrival, detu•zoinad visually, was 18 seVulldb--;
value cousistent with tin tiizw ' t-inperaturo riso.

Wet- and dry-bulb temnprcalires r•corded at-iho 55-barge, 5,624 ,..' , ,

surface zero, are shown !n Figure 6.6. The dry-bulb temperature started to tall at 63
seconds after the burst, za.hing a mininmum of 75.21 F (6.4' below ambient temperature) 9
at 137 =econds. Starting botwe•cn 60 and 66 scconds, the wet-bulb temperature began to
rise, reaching 77.31 F (2.41 atbovu ambient) by 72 seconds after the burst. It subsequently
dropped, leveling off at 73.4' F at 130 seconds. The dry-bulb temperature gradually re-
turned t6 ambient, which it reachud 25 minutes aftevr th burst. The wet-bulb temperature
fluctuated abot a value cleso to thu'ambient value after about 11 a'inutes following the
burst. A brief period of 100-percent relative humidity was observed, starting at approxd-
niatoly 60 seconds after the bitrst. The time of surge arrival, recorded from a visual
observatlo,i was 60 seconds, which agreed reauonably well with a subsequent check of
photog•,phs. The records do not show any clear-cut Indication of the passage of the down-
wine Inner edge of the surge. lHowever, the slight temperature oscillation between 2 and
3 minutes may indicate the passage of fallcut. An extrapolation of thl surge radius curve
for the 72" bearing shown in Figure 4.18 to the downwind position of the 55-barge indicates
a departure thort of tue surge trailing eii',l nf abiout-10.5 minutc. This general result is
similar to that attainud at the YFNB .12, In that a cooling effect, probably due to the presence
of mist and spray trailing well behind the main body of the surge, is indicated. This cooling
effect persisted at the 55-barge for about 14 minutes after the departure of the visible surge
trailing edge, possibly caused by air thn, had passed across the foam patch.

Acemdlng te x visual observation at dhe test site, the base surge arrived at tho DD-593
at 87 seconds after SZT. The dry-bulb temperature at this station started to drop at 8S
seconds and reached a minimum of 78.2' F (3.," W~.ow anbient) by 162 seconds after thil
burst, as shown in Figure 6.7. The wet-bulb temperature started to rise betmeen 8.1 and
95 secondds urer the buz'l, attaining a peak value of 76.31 F (1.21 P above a.-Mbilnt) by 107
seconds. The relative humidity reached 85 -r'cent at 2 minutes, indicating that the base
surge was no longer saturated at the location of the DD-593, 7,900 feet front surface zero.
At thin diitance, the surge had doubtless become diluted by mixing %ith ":' ambiqnt air.
The departure of the downwind inner edge of the surge at about 141 seconds was not illdlirtedl
by significant changes in the temperature curves.

At later times, the curves in Figure 6.7 probably do not give a correct indication of tile
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t~emperature and humidity of the, surge, as this was the same gtation thnitritrdi teml
M.1gh tO,, ,ea4Lueb U11 Shiut Wuiauu (Figuru 6.i). Nousuch high temperatures were recorded
'a late times by any at1hcr station. The sharp temperature rise .t aboit 3316 seconds

tF~gire 6i.7) was probably a,;sonint, with fallout, and tne larger rise at 458 sccoiids followed
the arrival oL thc upwind inner Ledge of the surge, which occurred at 440 seconds. As in
Shot Wahoo, the results are coniiistent with subsiding motion in both oif Mhese art-as. This
is e.qctc in the fallout region. It probably indicates a decay of Uhc !-'.,)ulee'e in the
surge iecveral minutes after the burst and a subsequcnt gradual settling out of the water
drops that remain. Since the temperature record did nut rise at the tinme ei surge arrival,
there was probably a net upward vertical motion In the surge at early tim~es. Inasmuch as
the ambient temperatures at the DD-593 werr In Pgreempnt with the values recorded at
other stations, It Is evident that the stack gases did wot affect the readings prior to the
shot. An extrapolqiton of the surge radius-time curvo for the 72* bearing In Figure 4.18
to the downwind position of the DD-593 Indicates a d'.jrture timet of the upwind traillS
edge of the surge of about 12.5 minutes. As at the closer stations, the temperatere remained
below ambient levels, and tho wet-bulb temperature fluctuated near the ambient value after
this time, return' -~ to preshot valuets at 25 minutes after thu burst.

CharI.cs o a 1. .r .WAC: wiu aum ;.ý Uhu Situ Irwin recuorda tFIurc 6.6), obtlain-
ed 11,700 feet Wine. . dir.- 'iy downwind from surface zero. The photographically observed
time of surge arrivol .-* 141 to 145 seconds lb consa-Icnt withi Uie dion In ti-n'peraturL stzrt-

* ~ing Ut 147 seconds x.e. the , NC in wot-boi'b temperature stai'tl.u, -.. -al'~ 156 seconrds.
The visually estimated time of surge arrival of 155 seconds was possibly In error because

* of the poorly defined leading edge of the surge. The wet-bulb temperature fell below
ambient when the dcwnwind Inner edgeu de-parted at 201 accc~al.

The relativa humidity at Site Irwin reacehd a peak of 83.7 percent about 3.1 minutes
after the burst.

About '1.7 minutes after the burzt, Uhe dry-bullb temperature started to climb slowly
toward the ambient level. This value was not ruened until 14 minutes alter the shot, and
the temperature remained almost constant after 14.3 min~utes. liowe~or. the wuL-bulb
temperature fluctuated at levels si &htly above ambient even after 18 minutes. frore. the
time of the shot. An extraoolatlon of the trailing upwind Pdge of the (;mbreln stirgo,
as shown in Figure 4.20, to the bite irwin position indicates a departru~e time of 15.9
minutes. Though the evidence is ijot conclusive, It appears that the shallow trailling layer
still existed at Site Irwini, though It was probaby no longer visible.

It was ostimated visually that the base surge arrived at Site James, 14,700 feet frum
surface zecr, at 210 seconds (Fig~ore,6.9). Hlowever, the first significant dry-bulb temper-
ature drop slt~tetd at 259 seconds, the temperature reaching a minimum of 80.0' F (1.7*
below ambient) 70.seconds later. The wet-bulb temperature rose to 75.2' F (0.7* above
ambient) at about the asam time. The 49-second discrepancy between the visual arrival
time and the time of temperature drop Is not understood. Possibly, the luadit g edge of
ttv) surge was ab:ove the surface in the vicinity of the islands. As seen from t~he aircraft,
this would give the appearance of the surge arriving at a station. In addition, the ragged.
irregular nature of the 3urge when it renehed the Islands contributed to Ohe difflalty In

* ~determining tdmes of arrival.
The relative humidity reachea 78.5 percent after the surge arrived, a value considerably

less than recorded closer to the burst.
The departure of the downwind inner eage o., me uase surge at UJt) seconds %%se -i

Indicated by any sudden change on the temperature records. fiei.',er, the dry-bulb
* temperature gradually rose, then leveled off for about 2 minutes after the arrival of the*

upwind inner edge of the surge at 9.3 minutes. then climbed slowly and reached the ambient
value 13.6 minutes after the burst.
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Pletween G and 9.G minutes, te wet-Lulb tmperature fiuctuated around A value possibly
0.5" below ambient, then rose from 73.6" to 74.7? F in 35 seconds with the arrival of the
upwind inner edge of the surge and continued to oscillate about the ambient wet-bulb temper-
4tre thereafter.

A direct extrapolation of the surge motion along the 72* -to-252* axis, as determined
front surfr :e photography, indicates a departure of the trailing edge of the carge mist from
Sito James at 18.5 minutes after the burst. Since the dry:bulb temperatute re.•-ind n .e

ambient level at 13.6 minutes, it appears that this extrapolation is no' warranted.
Photographs show that the visible surge was beyond the island stations by 13.3 minutes a

after the burst, which is consistent with the time of return of the temperature to the ambient
value. I!,ihorcforce appears that the shallow layer of mist, which trailed behind the main
body of the surge at the closer-in stations, had dissipated whr n the surge passed Site Janizs.

Thc tation at Site Koit:, was the farthest from surface zero (18,780 feet) and %.as at a
bearing-of 265", which was 30" off the axis of surge drift. 4 surge time of arrival of 6.7
minutes was estimated front the average surge motion, disregarding the leben. The time
of departure of the trailing edge was estimated as 11.7 minutes on the same basis. The.
station was in the edge of - surgo during this period and, since the surge boundaries were
not snarply detincd, no pr. •acu:•i ,.hangos in the temperature records wore observed
(Figure 6.10). However. thi dry .;..Ib temperature variations exceeded the ambient vari-
ation between 8.5 and 10.3 na,. tc. after the burst, reaching a minimum .)f PI .. F ').6"
below ambiLat), at 9.7 minutes. 'lIh"se tlmie "onsi.stunt with the ext.. .,•a.-...u a& age
surge motion.

Since the wit-hulb temperaturo fluctuated continuously, both before and latur the burst,
it was not possible to relate any variations to surge effeci,. lfuwevur, theru is suomu

evidence of a gradual slight wet-bulb temperature rise during and after the surge passage.
The maximitn relative humidity during the period when the surge w'.s known to be at

the station wau 76 percent, recorded at 10 minutes after the burst. The peak value of 77
percent, Indicated at 19 minutes after the burbt. lb difficult to explain, as photographs
show clearly that the surge was well beyond the. Iulntl stations at this late time.

Relative humidity versus time for all stations is given in .•iguru 6.11. Times of surge
arri'•.-s and, ..er. possbe, 'he surge departures at each station as determined from
the photographic records and/or visual observation are indicated in the figure.

Although the times are not exact because of the different response times of the elements,
Figure 6.11 shows quaittatively that the relative humidity In the baso surge was at, or
close to, saturation until the surge reached the 55-barge. It then decreased fairly rapidly
with distance from the burst. The lone pN.raistenco of high relative humidity at the YFNB-
12 and 55-barge may have resulted from airborne mist, or cooled air, from the foama
patch. The YFNB-12 was within the patch, but tLe bS5-barge was about 2,000 feet downwind
of Its edge.

A reproduction of a portion of the original record obtained at the YFNB-12 station Is
ptvt(.;.:1 :-i Figure 6.12. A correcuon of 3.0" F should be" added to the wet-bulb readings.
No correction Is needed for the dry-bulb readings. The minus 1-second radio signal is
displaced fron -e mlnus 1-second position or the trace because the pen which recor ',e
the radio signa., was located about 1 inch from the pen which recorded the tra~ce.

Figure 6.13 is an expanded plot of the data obtained at the YFNB-12 for the period of
minus 1 minute to plus 5 minuteq. The solid lines are based on the data obtained from
the charts and have been currected only for the callbraotoa of the bulbs nnd thb va•riat'r::
Identified by the symbols indicatedc on the figure. The dashed lines are the corrected

curves, adjur •d for the response of the instrument ared its associated components. These
dashed lines are valid only if the change in temperature at the sensing element is a step
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change (Section 3.2.5). Vurting oaiu m..a indications arc that tite butgc avh &vtd Il
a tcmntiraturt6 step c~angc at two or possibly three statioiis-YtVNB-12, DD-474, and
55-bargc. Relative humidity, corrected for response time. is no.ted for those stations
un Figures 6.4 through 6.6.

In the correction of the data recorded at 'he YFNB-12 (Figu~re 6.13), it appears either
thal the dry-bulb readings overcorrected or the wet-bulb readings undercorrccbed be~tween
30 and CIO bvconds after the burst, since the adjusted wect-bulb temperatut.: lies ilightly
above &he adjusted dry-bulb value. In all probability, the true temperature cliinges for
bcth bulbs during this period were not the step changes required for the response correction.

It is difficult to gain a complete understanding of the changes occurring within the base
surge by examining the data obtained at scattered fixed positions. A more satisfactory
approach would be the use ot instrumentation. thr.t coule move with the surge, perhaps at a
fixed dJ'itance behind the leading edgo. Howlvr lthin tuchniqu Aouulld bto treniely diffi-
cult, if not impossible.

Some Indication nf the changes occurring within tho surge may be obtlahwd by sted)'ing
the peak values of dry- and wet-bulb temperatures recorded just aftor surge arrival at
each station and p; . ',g these os a tunction of time of occurrence. The miagniitudcs of if-,
first changes are sit,. f-. ~',-,ot Umbrella In Figure 6.14.

The figuro indlcat an iiatial. heating of the lagoon water by the detonation. As during
Wahtoo, the heating couit it. ho met..ured exactly, because the sev.ge -obel"" ecctaeed
a mnixturm6 of water originatiru- at the sur.e-, "'hore the tomper.Lw:- ~ .. u1,and at.
deeper lnvoliA that were colder. When the nurge trnvnled outward, evapotratl%.,ý 'olg

p. occurred. The dry-bulb temperature fell below the ambient level about 1 minute After SZ'tX
reaching a minimum soon after 2 minutes. It then rose and gradually approached thu ant-
blent value. The wet-bulb temperature rose above the ambient level, probably as a result
of the heating by the burst, but dropped toward the ambient value quite rapidly.

AI~hAu;h the times indicated are not precise, the general agreement with theory is
excellent. Initially, the base surge was a dense suspension of warm trtu water droplets.
These droplets warmed the entrained amubient air by conduction and raised its relative
humidity by evaporating moisture Into It. The warm stage lasted for possibly 60 seconds
andt the burgo wits sat~urated for possibly 100 seconds. T7hereafter, the surg-e relative
humidity was reduced by a gradual mixing with the driei external ambient air. In adu~tion,
evaporation produced a cooling effect, which became less effective as an Increasingly large
volume of air was engulfed §y the surge. It seems unlikely that the Umbrella base surge
could be4 identified by means o! temperature-humidity recorders after about 15 minutes
following the burst.

On Shot Umbrella, several of the recorders Indicated one or more slight drops In dil-
bulb temperature between the time of detonation and the t!ia.9 of surge arrival. Two changes
of this nature arm shown in Figure 6.13. The temperature drops apparently resulted fronm
the passage of the rarefaction phases of air shock waves, which coaled tha air for a brief

The rarefaction wave data obtained by Project 1.2 (Reference 29) and the temperature
change data obtained by Project 1.3 arc summarized in Table R.3, and --e als. r -esented
in Figure 6.15. The Project 1.2 records showed the passage N two negative waves at
carly times. The first wave~arrived at the three close-in stations about 0.5 second afterI
the burst and produced a pressure drop in this region (1,747 to 2,070 feet) of the order of
0.1 psi below ambient values. There was no Indicati-n of this on the templerat't'- - .~--is

The second negative wave was stronger In mnelitude, producing pressure drnv'q ranging
b from 0.46 psi at the EC-2 to 0.13 psl at the 55-barge. This wave arrived at the EC-2 at

2.6 acconds after the burst. The presmire dro,"ed to a minimum value 1.4 seconds later.
The pressure minimum reached the 56-barge '1.1 seconds aitrn the burst. The teamperature
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! ' .... rc.,:Iti•'; P~o:" th• :•:ge of 'F thv:arefa-ctlon• %.;-.vu vm"ru r'cordd"' five' u atlons,

•e.mtcnding ito Site Keith.
-. "[ho: recorders also registered -- third rarefaction wave not found by Proju•-t 1.2. This

%,GA• 1.1 ha' .o orighlatcd At butIA f4U ,,rJ abutitt 22 zweun~db after the burst 4a3 thu veerufactioti
phase to( a shock wave prodluced by tile collapse of the water cavity. The recorded temper-

ature drop indicate that this wave was approximately of the same oirder of .nainitude as
tile second ncg~tf%,; wave. This wave was not detected at the closo-in statiow;,s,• citho,
Project 1.2 or the temperature recorders, because the surge had already arrived at these
stations, making It impossible to differentiate between tile effects of the surge and -are-
faction wave. For the farther out stations, the project 1.2 records, whilch were tape
recorded, were not played back to the relatively late times necessary.

The data is consistent with tile recorded prsuc•o',>fudA,%. aid withl air blkuck

wavo theory, which indicates that temperature changes should follow pressure changes and
that a pressure wave should broaden as it travels outward. The latter effect accounts for
the apparent slowing down of the leading edge of tile negative phase as It moved .t•'ay from

tile point of origin.
The tenmperature ch'-ni -hat occurred at tile various stations during tile passage of

the rareactaion phases wer, a.t,,..,tvd by mecans ot the adiabatic relatlii~ship for dry air
(fltfoercec 410). T2 - T, IC- p ).' L

Whorit; T: - final temporature, K

T, a ambient temperatuer, K

aP t final pressure, psi

I)i ambient pressure, psi

R gas constant for dry air, 0.237 joules/gin K

C, spucifie heat at constant pressure, 1.00 joules/gin K

Temperature changes calculated by means of Equation 6.1 are inc'.uded in Table A.3..
Since the Foxburoa recording system was not designecd to measure tile rapid changes that
occur during the passage of a shock or rarefaction wave, the data shown In Table 6.3 are
Pot precise. 'the times of commencent of the temporatro drops are probably accurate
to within i I second, but tile iagnitnda: ot (lie temperaturev drops aon not correct because

of the oclatwvely slow response of thae system. The calculated temperature changes range
from 10 to 20 times larger than the recorded valuesl but the application ti a stdp change
correction to the records reduces the difference to abouet a factor of 3.

The condensation cloud, which apelared on the side of the column !.Q serond, after SZTa
was formed by th e second rarefaction wave shojt on the press1r.-t2me records.
The passage of plte ccuud wave was also shown by a sudden increase In size of the natural

clouds in the area. These changes In cloud ar~pearancic started at 4.4 seconds in the . e¢raity
oT surface zero, which is consistent with the recorded thnch of arrival of the second
negative wave at the airblast and temperature-hamlgity stathlons. There was no evidenced
of the passage of the third wavs at the cloud level.
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TABLE 6.1 SUMMARY OF TEMPERATURPI- AND HUMIDITY IUSULTýS, SHOT WAHOO

Station: DD-'33 Y(,9 Idea

,Amhhl ,',t vahi dutIng 1 minute prior to

timoe of dttonati

Dry-bulb ten., ,atwe IF 82,9 80.9 M1.9
Wet-butt; tW', .r.&uru, I F 74.2 74.4 74.2
Relattive huniU'tk% it.,'ont i; 7. 70

Tihm of first chwqe:

Dr)-bulb temperaturu. &C.onds 130 160
Wet-bulb tenmperaturo. secontdse 137 to 147 159 to 166

Peak valuo dua Ing first ch.fthu:

Dry-bulb temporauro: F 9$.7 81.2
Wet-bulb temperature, F V 774 75.7

Tmow of Ccurrorico of peak, vai,•w

Dry-bltsb temperature, seconds 140 1 C9
Wet-bulb temperature, seconds 158 1h

Timo of base surge arrival:

Visual, seconds 140 -

Photograpuie, seconds 130 to 169 161 to 176

Time of r0rni to mblesit tiperaturm, minutes 2 L9 15.8

eingth of record after zorn ilmr ,.au,Ltes 147 106

Times of wet-bulb temperature change are approximat'%, since wet-bulb readings werc taken at
inteivals of 0 to 9 "econds.

b
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Figure 6.15 Temperature and pressure drops

"recorded on Shot limbrella.
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Chapter 7

COMPARISON OF HARDTACK RESULTS WITH
HIGH-EXPLOSIVE AND NUCLEAR DATA

7.1 SPRAY DOMES

The spray dome provides information concerning the shock wave produced by an -. ,aer-
water explosion. Furthermore, it is capable of damting low-flying aiteraft. Initial domu
velocities are me' sured to evaluate the shock wave effects, but a knowledge of the complete
height-versus-thi. stc-v of the spray is needed to asscss the hazard to alrcraft.

To evaluate the i ýiic•ii,"1ty of Equation 1.4 in practice, the vertical rise of the center
of the spray domes srmnd by 300-pound TT elh'ar.;: ha." .2ten measured In NOL experi-
mental programs. Thts, v'sts Included el.Age depths ranging frrn .-n to 0 N-et In
relatively deep wat,'. li harms ot geomc..,,,al scaling (A\), the ,.lths ranged front 1.30
to 15.0 ft/lbU3 . Initial dome velocities were obtained by plotting h/t versus timu, fitting
a straight line, and extrapolating to zero time, as was done for the Wahoo aome. In the
height plots, the time interval that was used to determine the slope of the line started
between 0.2 and 0.3 second after SZT and lasted for 0.5 second or longer.

According to Equaiions 1.1 and 1.4, the initial velocity of the water surface directly
above a TNT explosion should be

6.22 x×10 (1 I.:3) : 
(7

0 U (7.1)

This relationship is shown graphically in Figure 7.1 for comparison with the observed
values of V,, obtained from photographs of the 300-pound TNT explosions. The agreement
is good, particularly in the range of .No's between 1.5 and 10 ft/0b4. The scatter at shailow
depths of burst is probably due to measurement difficulties, resulting from the early
apperrance cf plume effects. Tb- lack of agreement at the lower shock pressures
(kc > 10 ft/1b1 ") may be Aitribu'td to a neglect of the so-culled breaking preo,11ru Pb ill
Equation 1.4. This appears in Equation 1.5 in the term 144 Pb/pU. The nature and mag-
nitude of this term are not known, since Equations 1.4 and 1.3 apply only to the wrier sur-
face and not to the spray rising above it and masking it. In practice, only the top of the
spray can be measured. Fortunately, this gives uselul results.

The magnitude of Ph to use In spray domo studies is best determined by employing
Equation 1.5 and 3olvIng for Pb when the o,'srved Vo is different from that indicated by
Equation 1.4 or when no spray is observed (Vo a 0). With this approach, Pb i• •.ssentially
an empirical correction factor vhose physical meaning Is obscure.

The average of the values 0: Pb that will produce agreement between Equation 1.5 and
the Vo values that are less than Indicated by Equation 1.4, at depths greater than X.
10 ft/lbln in Figure 7.1, Is 444 psi. This is in plmost exact aga'eoient wL-h .ui average
value of 450 psi obtained tIv calculating Pb u" Lt, edge of the ,pray doeme lahuru V. = 0)
from 325-pound TNT charges (Reference 41), and is not greatly different from the average
value of 584 psi obtained by the same method h'om the NOL 300-pound TNT data.
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It seems possible that the IIb effect incrases witlh depth of hzzrst for .ld'vp eV.-plosions.
Sonic tendency In this direction is shown by Figure 7.1. The data itt References 41 and 42
also shc,.s an incressin d!' fc-c.-.cc '-***-wcr h obs' c an ~'U'letical, ýdlvei-

ties predicted by EquIntlon 1.4 with Increaging depth. Charge.Q of amatol weiglIng 300 pounds
produced no spray when fired at a A. of 20 ft/lb"'. This implies a Pb of 1,400 psi for
this bcalud depth.

As a general rule, 'qtt•tlon 1.4 may be safely used for charges of sevor'd I "•rdred pounds
between gcome,rically scaled depths of 1.3 and 10 ft/lbIn. The proper procedure is un-
ertain at A, values gieat~ar than 10 ft/lb'4, since some messur3Iments are in agreement
with Equation 1.4 a.•d others fall below it. The subject requires further study, Ivcause
the use of Pb Is undoubtedly an oversimplification.

The retardation f was also calculated for the rise of th? conter of the ::pray domcs pro-
duced by 300-pound TNT charges. Thueu are shown in Figure 7.2 as a function of A.. The
scatter Is of the order of 20 percent, hut the following expression provides a fairly good
representation of the data:

f - 268 %.-1 (7.2)

(va o. 2 Xc < 16 ft/lbi3)

This can be interpreted as Miesating that relatively smLii .rop., ..ra produced in the
spray domes from shallow :l,ots, s.nce th•se arn decelernted rapidly `y ':n.. ý!.
"The largc drops formed by deep explosions suffer little atmospheric Jrag. The retardatior
should reach a lower limit of 16 ft/sea1 , which indicates the effect of gravity alone. For
this reason, Equation 7.2 is valid only tu a Xe of 16 ft/lbi 3 . At greater scaled depths, a
constant f of 16 ft/sec2 should be employed.

The values of f determined at the centers of the spray domes were 30 ft/sec3 for Shot
Wahoo and about 20 ft/sec2 for Shot Wigwam. Both fell well below the TNT values, indicating
that Equation 7.2 is not valid for nuclear explosions.

For tactical studies, It is necessary to consider the shape of the dome and its rate of rise
at all points. For a TNT explosion, the Initial vc!n'iwy of the surface of the dome as a
function of distance r along the surface can be calculated from Equat" 7.1. The shape
of the dome at early times may be appcoximated by taking the ratlo;, of initial velocities
along the surface to the initial velocity at surface zero, as follows:

VX(r) - cos 6 (7.3)

%10 10) IB

Where: Vo(r) - initial spray velocity at a given donme radius, r, ft/sec

Vo(o) Initial sipray velocity at surface zero, ft/sec

Since C00 6 = c/R, this reduces to

V = VoW) cos2'3 6 (7.4)

An expansion ot -q, ation 7.4 In terms of tan 6, which is equal to r/c, gives the following
(Reference 12):

Vo(r) - Vo(O) + y] I-or (75)

Equations 7.3 through 7.5 are valid for both TNT ad luvceiar explosions.
If the rising spray can be represented by Equation 1.9, the maximum height at any r is

indicated by
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Where- h max 6 maximum height of spray, feet

On this basis, if f is assumed Zo Ii constlant, the shape of the spray dome it its grentest
height should be represented approxhmately by

hinax(r) - hmax(o) [I + ; o j '.37.7)

A comparison of. the shape of the Wahoo dome at 1-secord Intervals witi curves calcu-
lated using Equations 7.5 and 7.7 is presented In Figure 7.3. In gcneral, the agreement
with Equation 7.5 is good at r/i values loss than 1. At greater dome radii, the Wahoo
curves tend to shift toward the Equation 7.7 curve. Alhough thi Wahoo curves occasionally
exceed the limits of the two thieurutlual curves nuar the center, the latter provide a useful
bracket that can be obtainer quickly when the central VC and h values are known.

This treatment provides a means for comparing the spray domes from different burst4.
However, a comparison of the Wahoo results with TNT ddta, for bursts at the equivalenit
Xc 12.18 ft/lbl)•, wor'd be possible in only a limited manner, because the bubble effects
art, different. Althot. A,' for Wahoo was 1.30, ',t for a 300-pound TNT explosion
a• thu imvor. i\ is only % 228. "l;Ich is about half the Wahoo value. The relatively shallow
HE bubble pushes the wvcc." surface upwara through thu .jra) 4o farm a hemispherical
nwund In the center, f,(,e 1hk dome is fully developed.

Photographs of 300-peund ;NT explosions ai scaled depthai of 1.79 Ud 2.39 tt/lb'/3 avr
shown in Figure 7.4. Those conditions bracket Shot Wahoo, scalowiso. In the shallower
burst, a dark central Jet, possibly resulting from the travel of gaseous explosion products
up the charge support cable, was visible within milliseconds of the explosion. This jot
rose rapidly above the dome. In both cases, the bulging of the dome, as a result of the
expansion of the relatively snallow bubble, was clearly visible by 0.2 uecond alter SZT.

A well-developed primary spray dome was observed during Shot Wigwam-a 32-kt
explosion at a depth of 2,000 feet. The primary dome reached a maximum diameter of
about 14,000 feet and had reached a central height of 160 feet when a second spray dome,
formed by the first bubhlc pulse, rose above'It (Reference 6). The average Initial spray
dome velocity measured at surface zero on five photographic records was 115 ft/see, which
was 33 percent higher than the theoretical velocity of 86.7 ft/sec. Similar results were
obtained to adome radius of 1,600 feet.

A comparison of the observed Wigwam spray dom3 profiles with possible theoretical shapes
Is made !n Figure 7.5. The agreement between the curves and the data Is not as good as on
Shot Wahoo. In ene case, the height is 40 percent greater than the simple thiory indicates.
This result is consistant with the unusually high Initial spray dome velocities recorded on
Wigwam.

Both Wahoo and Wigwam were detonated when the ocean surface was extremely rough.
This probably accounts for the fact that the spray dome velocities were higher on thuse
nuclear tests than on HE tests, since the latter are rarely conducted in such conditions.
In the analysis of the Wigwam data, the exce-.1lonally spiky appaaranes of the dome and
the broad scatter of the measurements were noted (hereronue 6). The irrcgularltius in
the water surface seemed to have a telatively stronger Influence on the wide, shallow
Wigwam dome than o(n the Wahoo dame, which was narrower and higher.

The spray domes formed by shallow HE bottom buests, scaled geometrically to Shot
Umbrella, have not been studied in detail, because the domes are.sh"-' lived aild are
rapidly overridden by the expanding column avnd plumes. At this seded depth, tie effect
Is more pronounced than shown in Figure 7.4.
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lBeaubue of the iniput tallet U. Yield doterminations on nuclear l~urata,: the -;pray d',me-
~ ) method employed on Shut Umbrella (Section 41.3) was used for estimating the effetive

hvdrodynaminc yield of Snot Baker during Ope~ration Crossroads. *recentral spray-doine
lheighit was mecabuecd on twvural Baker Millms, th IiiubL sUILJ ~u%;LU1 aiuwut.' a pa

volix-ity of 4,700 ft/.sec for the period from 0.0061 to 11.0:f bucond 1i1eference 21). 'll:s
gave a P0 J 1 of 32.4, which Is consistent with shock wave 'predictions for a disqtance of 90
feet from a 24-kt i;.clcar burst. This yield value is within about 2 pe rccnt of Itia. run'(. w.d
radIcchemical y~eld of 23.5 kt, which is, evidence thst the spray dome velocity methoJ is
reliable for the determination of yields of shallow nuclear ~'.ursts.

The Baker height-versus-tIme curve, which was'used kr: the apray dome analysis,
showed an uoward acceleration at 0.075 sec'ondl after SZT. This possibly was evidence of
blowout, which may have commnenccd near the su~facc at appr~xlmately 0.06 second alter
SZT. As a rciiilt, the spray dome height-versus-time measurentents wero too brief In
duration to permit the employment of thu hi/t-vursue-t techn~que that has been used for
deeper bursts.

7.2 PLU'MIS AND VlImh Rt", SUlRGE

oIn order to compare IY) ahou p~umo with liE plum'.,s, t~eointrical scaling of the bubble
may ha employed as an aptirux i-.A scaling tochnique. For wahoo, Al%,Pt 1.30 The
NAL 300-puund TNT teits clos-.ýt tT' this cemadi'..t: lv"e fired at deptw, ,, .5 ... t, i"wL.
where Aý Is equal to 1.15 and 1.42 respectively. At b 'oth depths, a pronounced central
veri'tca! lat rose above the spray dome, originating at the surface aboit 0.9 second after
SZT. The time of origin of this plume was about 0.1 second after the observed-first
bubbie perIods of 0.78 and 0.80 second for' 300-pound T1NT charges at these depths (Refer-
once 43). The reported mtlieatiomb during thu firbt period for charges fired at depths of
2.1 and 30 feet was abouit 15 and 25 feet rcspcctivcly (Rfecfrcnce 43). These approdJnato
values show that the collapsed bubble was close to the suirface, and the jet originating a,.
the bottom of the bubble P~h.,uld, therefore, bo able to penetrate the water above it to pro-
duce the observed vertical plumo. Radial plumes appeared at about the same time, result-
Ing from the reexpanslon of the bubble Just beneath the surface. These phenomena art$
Illustrated for th'a 30-foot depth In Figure 7.0.

.Al~tough the Wahoo bubble probably also migrated to a position close to the surface
during Its first oscillation, there was no pronouneed vertical plume on Wahoo. This
difference Indicates that the deeop HE~ tests In the fieid may have little value for the direct
scaling of nuc!car piumes.

The average radial and A,'rtlcal growth of the WVahoo and Wilgwam plumes Is compared
in Figure 7.7. The hs:,ght-vorsmms-timo curvos are very similar In appearance, although
the Wigwam burst ocri-rred at a depth of 2,000 feet, anid the bubble oscillated at least three
times during the 10 .xoconds before iplume effects cj..-oarcd. The Wigwvam plurne appeared
to ra.'from a point beneath surface zero. The Wahoo plumes originated about 5 seconds
earlier than the Wigwam plumes, apparcntiy fromi above the original surface.

The maximum height of the WVigwam plumcs (1,450 feet) was consibtimtn with the o. '1 u;,ted
initial velocit~v at the surface of 300 ft/sea, (Reference 0), providing that gravity was the
only rtetarding force. Thi'; is to be expected, as there is little atmospheriv retardation of
large plumes. Since the Wahoo curve is similar to the Wipwam curve and the inaxinurm
height Is within 50 feet of the Wigwaum height, the Wahogo vertical plumes, which may Yn-"
started at a greater Initial height, possibly had a lower *-itial valoolty.

The WVahoo plumes expqanded radially at a grcý,Ior rate than the 'W!.1vam plumes andI attained a greater mmmaimnum coll'alied diamecter (3,80'k fcet as compared to 3,100 fcut). A
close examination of the Wigwam plumes (Reference 0) showed that there was an initial
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group of vertical plumes and a later group of radial plumesu. vhich appcarcd at lower luv'hx
The sceonad group spread laterally at a greater rate than the first and exp:uided beyond them
at 22 seconds aftur SZT.

Though the Wigwam yield was 32 kt, the first maximum bubble radius was calculated to
be 376 feet, which is almost identical to the 384-foot maximum bubble radius calculated
for 'Yahoo. However., there is evidence that most of the steaim in the Wigwam bubble
condensd during-its upward mnigration and that the water surrounding th, bubbl., continued
to rise In the form of a vortex ring (Referenct 17). A vo, icx ring would have a central
velocity greater than the translational rate of the entire mass, which could u-cuwlit for the
relatively high velocity of the Wigwam plumes. The Wahoo bubble undoub!•dly lost sonic
steam during its col!apse but seemed to reexpand above the surface in a roughly spherical
shape, thereby driving the surrounding wadur outwArd I i symmetrical plumnu. Thu W.J"iu
and Wigwam plumeb had almost the same overall volume. this might be attributed to an
upward transport by buoyant forces of roughly equivalent masses of water. Although tl.
nichanisms are not understood, the result is possibly connected with the almost identical
volumes of the fully expanded bubbles.

In both cases, * 'i group of irregular plumes appeared above the surge after the first
mass had subsided. ACZ lit.imes were believed to result from the oscillation ot the
surface. The Wahoo 4te ywm was 950 feet high whereas the Wigwam late plume attained
a height of 770 feet.

The base surge formed hi." 300-pound niT ,vpluuions is tenaacru' ,.,,. L: eZUlt to meaaurc.
It is doubtful that the limited surge data available from these tests, at submergaace factors
similar to that of Wahoo, is of value for extrapolation to the nuclear scale, particularly
since the generating plumes are different in structure.

The Wigwam base surge was similar to the Wahoo surge in general appearance. However,
it expanded more slowly and was smaller in size, as shown by the average radial growth
c-.r%-es in F'igure 7.8. This would indicate that less liquid water remained airborne following
the collapse of the Wigwam plumes than on Whoo, a result that could have been caused by
differonces in structure of the plumes.

A tomparlson of the Umbrella column and plumesi with HE surface phenomena for the
samr s,.aled depth (X, = 0.595 ft/Ibtm3) shows a major difference. This lu uwe appearance
of a blac•: smoke crown on the liE tests, which represents th. blowout of explo-4cn products
when the expandirg gas bubble ruptures the water surface. Although a nuclear smoke crown
would not necessarily be black, a well-.dfined cauliflower cloud, blmilar to that during Shot
Baker, would be expected if blowoAt occurred. No such cloud appeared on Shut Umbrella.
This result, combined with the rcl'tively low intensity of nuclear radiation recorded haiore
Lhe emergence of the base surge, indicates that the nuclear bubble did not rupture the water
surface above the burst when the butble pressure was high enough to cause an outward flow
of fishluu products.

Under comparable conditions, the amount of blowout of an explosion should decrease
•tth increasing depth until a depth is reached at which no blowout occurs. This trend is
indicated by a shrinkage in the smoke crown size and may be examined by ushag ithe ratio
of the maximum smoke crown diameter Smax to the maximum column diametu - )mtx
In very shallew liE testa, the smoke crown is clearly defined, and the average ratio of
Smax to 0 max decreases from about 4 at a Ne of 0.15 ft/lb1 '3 to about 3 at a Ae of 0.60
ft/lb1 3 (Reference 1). The data for greater sealed depths is limited, but a more rapid
dacrease in Smax/Dmax occurs. The scaled depth at which no black baiuke ,"y-r' !
not known exactly; however, it Is roughly 1.0 ftili:3' for TNT chakus welghir.m, hw.,
100 and 600 pouads.

Alrblast data from conventional underwater -xploslons is also of interest here, because
the blowout of bubble gases oaa a shallow burst produces a strong shock wave. The strength
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of thi. wave. decreases rapidly between scaled depths of /.ero and 0.5 ft/iihla. then decreases

slowly. The wave becomes relatively unimportant, though observable, at a Xc of -).81 ft/

P04 1 (Refernene 4-1). This res,,!t !.• ,c:Qns- t wiil thi t.:!nnlm errwn evidhneo.

TNT charges fired on the bottom, at depths geonietrkni)y s•,ai, t, S.hot Umbrella, are

in die, :,glon where blowout effects change' rapidly with increasing depth, and the plume
data shows conisiderable seatter. As examnples, Ilia column sand smoke crown formecd by a
600-pound 'INT explosion on the bottom in 5.58 feet of water (Xc - 0.535 ft/lb' 4. .,n~i a

4,200-pound TN'! explosion on the bottom In 9.25 feet of water (Xc - 0.508 ft/lIlb) are

shown In Figure 7.9. In both citses, black smoke can be seen to Pmerge above the coiumn.

Although these examples arc shallower than Umbrella, scalewise, they are the bes. approxi-

mations to Umbrella that are currently available.
'Inc surface phenomena of Shot Baker are shown in Figure 7.10 in order to illustrate the

differences from the Umbrella results. (Shot Baker wasdetohawcd at a dcpthof about 90 feet.)
The cauliflower cloud on Baker can be attributed to the shallower depth of burst (Ac -
31.5 ft/ktl'as compared to 75.0,ft/ktl/for Shot Umbrella). The dlffcrence. In the dimensions
of the phenomena arc shown In Figure 7,11, %,ere It can be sen, for exar-, ple, that the maxd-
mimr radius of the Baker co diflower cloud was about three times as great as the maximum
rndilu of the Unilrlla plul TI-' Raker and Umbrella height-versus-time curves are

similar for the first 25 secoi, o-f de.velopment. After this time, a central white plume,

Mtwch possibly was an extensl..n of the column, rose .1bevc tOx' 13ak-"- catiliflower cloud.

The sides of the Baker colum,6 "v. -t. virtually straight and were peroonficuI.;, .%' water
surface alter the early stage of exp.nsion and betoru io column startc Ioc ,.!PIpsc, lIE
tests scaled to Baker and Umbrella also form perpendicular cylindrical columns whose

maximum diameter r)nax can be measured without great difficulty.
As a rosult, equations were developed for scaling HE maximum column diameters, and

these were converted to nuclear bursts b$, using an adjustment factor obtained from the
Baker result (Chapter 1). However, the Umbrella column was not vertical; in fact, It

narrowed down about 300 feet above the surface and then gradually wIdened out above this
up to where it merged with the plume. It was not possible to establish objectively a Dmax
that would be comparable to the values obtained for HE and Baker. In addition, the measure-

ments of the growth of the Umbrell, column neck were not similar to the column growth
curves for I.E shots geonmetrically scaled to Umbrella.

Equation 1.36 piedicts a Dmax of 1,550 feet for Umbrella. This is equal to the averaged
diameter of the Umbrella column and plume about 6 seconds after the burst. %hen the lower

part of the column was starting to fall. The prediction, therefore, is consistent ithi the

overall size, though It would be difficult to obtain such a number, for scaiing purposes, by
direct measurement of the Umbrela'. photographs on the basis of the rules used for the HE
,uid Baker column measurements. Additional knowledge of the detailed phenomena might

make possible the formulation of a more general technlque fur ubtclilng Dmax,
It Is clear that the column and plume phenomena of Umbrella and Baker were radically

different and that the tests belong In separate categories. These may be termed "shallow-
non-blowout" for Umbrella and "shallow-blowout" for Baker or "shallow" and "very
shallow" in analogy with the terms empl9yed for dtp bursts.

The mechanism of base surge formation was similar or. Umbrella and Baker, In thn'.
In both cases, the leading edge of the surg3m seemed to originate as a spill-out of material

from the base of the column. This amaterial posslhly came from the lip of the expanding
cavity in the water, which was hidden by the spray in the column. The spray in the collapsing

column then flowed outward; this was probably the main vource of the surge material A'amt-
out also added water droplets to the surge in both tests. :ih,.•vlh the fallout was rcru cent, ally

located on rI.,brella than on Baker. In the latter test, lar!e masses of water fell fro, the

cauliflower cloud, which extended well beyond the colunl.
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The averaginI:ir surge %tius-versus-tinwc curves (i'r ihrl;au faeareIaaz~
In Fig~ure 7.12. (Theu IBaiou rmeuvu 1- hased on recent meauur~inents of the photographis at*
NOL and extend beyond thevm-!i f.rnt 1.,% vZ' although

* the r%3cord is too olhurt to snuow .h, final value. The p~hysical appearance and behiavior of
the Umbrella andi Baker base sucs differed radically after the first millutes of develop-
mt~nt. As 3how.j in Figure 11.10, the Baker structura was rv'lativeiy co rplex at J4- socuOIus
after W.' burst. At this tit,, laver of now clouds was forming above the bxase surge and
rainfall was visible within~ t;.u sur~ge. The Umbeella surge did not lift the araubient, air enough
to produce a new clouid deck, an~d tJ'n surgc droplets gradually evaporated

A considerable unount of base suege, data has been obtained from HE tests at depths
sennlee geomctrically, to Umbrella and Bak-or (Reforence 1). This information was used to
demonstrate the validity of the Froudu sciding technique for base surge studios (Appendix).
When the scaled curves were ct~mpatred, the lIE and nuclear results were in good agre, .
mcnt at early times hut differed at late times. Cinsequeiitly, the HE results are 'isoajl
for the study of surge, phenomenology but not for dir~cc. extrapolation to the nuclear scale.
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Chapter 8

SCALING TO OT1HER YIELDS AND DEPTHS FOR THE DEVELOPMENT
OF SAFE DELIVERY TACTICS

A primary objective was the cnllee.tinn of effects data that could be used for devoloping
tactics for the safe delivery of nuclear antisubmarine weapons and for predicting the lethal
ranges of the weapons. In 00" 'iapter, the use of the surfare phenomena data for this
purpose will be considered. The possible offensive use of surface plume and cloud effects
for Inflicting daniago or spreauing radiological contaminants will not be treated here,
because only limited atten' - has been given to this subject.

8.1 GENERAL CONSIDERA 10,'7

In order to develop suitabIr . for the deliv'iry of an existing or p-opm-1-,, he 'ear
weapon, It is necessary to estiniat: tme nature .ý.d nJ .o-nitude of ,la the da:.. c
for the expected burst environment. If a warhcad has been tested under water at one or
two depths, as In Operation Hardtack, the problem exists of extrapolating the results to
other possible depths of burst. A more difficult problem is the extension of the existing
data to a davic,, In the design stage with an expected yield greatly different from the yields
of tests conduo..- in the past. When uncertainty exists in the data or sca!ing methods,
assumptions are usually made that bias the predictions toward grouttr z.attty. Cui•iquent-
ly, p.rc-ictions of phenontenta made for estimantes of s'fu distancub for delivery vehicles
may differ front predictions made for other purposes.

Data is available on the surface phenomena of four underwater nuclear tests with yields
ranging from 8 to 32 kt and depths ranging from about 90 to 2,000 feet. The initial con-
ditions and scalig parameters are listed in Table 8.1. Each test listed lies in a different,
depth category, as defined in previous sections of this report. These have been termed
"very shallow (blowout)," "shallow (non-blowout)," "deep," and "very deep."

If predictinns of the phenomena at other yields and depths are requirod. the first step
is to determine the depth catse.ory cf Uti ccndition of interest. Predictions may then be
made, using the appropriate nuclear test in Table 8.1 as a prototype. It is oolieved that
predictions can be made with a reasonable degree of confidence -for yields ranging from 1
to 100 kt. However, because of the lack of detailed theoretical knowledge of the surface

.......- 3na At tha present time. extranolations to yields considerably smaller or larger
than the rbove specified range must be made with considerablo caution.

For surface phenomeno predictions for safe dolivery, an additional category of "near
surface" burst may be established to Include bursts that are so shallow that the laye. c'
water above them is vaporized by the explosion. The phenomena of this type of burst and
the associatcd hazards aru unknown. Reference 23 indicates that the following equation
can'be used to provide an approximaci boundary between r.ear surface and very shallow

c = 21 Y"1 (8.1)
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The five categories and four dedining '-q.imi.wv .,re shown g-raphically fit Figure 8.1.

pBecause this figure was vreoarcd for use in saft, delivery coni'iderations. it h~as been
conservatively assumed that a bur'qt at a geometrically scaled depth shallower than Umbrella
(Ac 75 ft/kt2 13) would be in the blowout region. Probably, the true tranwitional dcplh

th prayr domes sormedhr bytwan th o nea Ubrell a...d Bake estimaedb uts.Ting thes folowng

8. SPA (8.2)

Ifheriery of angewL tunerwaertleal of i a ben~ from oli&pint by a low-flyin g e oirftth
thon, spray dome, deres.apsil aad o rcia upss h ieitr ewe

Th mestasurements,- - on whrch tis nsbaedliarbe, s~ncthidepend Figur e 8.2. ehc hofa the

thenepral consistency betwen HE ond nuclear data,1> Formthencear byursting tequivlolent

yield of 0.667 tIgnes tha radlochemica~l yield has i ,n used (Reference 10). Equation 8.7
is probably not valid beyond the range of A.i In' o ed in Ftuke 8.2.

If a need exIstq for spray dome heights as a furt tion of time for a deep burst. initial
-- spray velocities may be calculated by means of rýqintion 1.4. The peak shock wave

pressures at the surface may be obtained by munz;i~ of Equation 1.10 If the pressures are
less than 3,000 psi, or from Reference 17 If tho p~assures are greater than 3.000 psi.
On the basis of the Umbrella evidence, th? yi,,!d A a bottow burst should be doubled for
the cainulation of initial spray velocities, wl.ou .rifety is the prime consideration. Spray
dome height-versus-time calculations at ;Lny radius may be made for deep shots by
employing the Wahoo retardation factors at Umn i,ame values of dimensionless dome radius
r/c, Equation 3.4 can be exptossed In the ft,2iowing form for this purpose.

r
f & 30 o-9' (8.3;

Equation 8.3 is valid onty to a dimensihitukss radJIus n/c of 1.26. An upper limit. u.' ri-Me
heights may be estimated by assuming tha, gravity is the only retarding force.

If the depth o( burst is great enough to permit ono3 or mnore bubble oscillations ber' th
ute original surface level, a secondlary spray dome hazard will exist. In the abse~nce ot
other informiation, it may be assumed, for safety considere!Aons, that this could occur at
submergence factors Ac greater thwi that of S~'ot Wahoo. Secondmr-y dome phe~nomena

* are not well understood. However, th*.se doems should originate when the explosion bubble
pulses reach the surface, and, as on Wigwam, can be about five times ;t high as the primary
spray dorme. They should not extend beyond the -.dgt) of the primary dome.

'rhe initial spray velocity at the e.-ntor of thit primary Wig-,amn dome wab K.U o. z~
cent higher than expected. Tlua rwasor for thif. ".havior is n"t knowvn. Hý;v , to al~
for possible oceurrences of this ndture and the normal scatter in results, a 5i0-percent,
safety factor should be added to c..culated Wn1'al spray velocities for nuclear bursts.
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No procedure foi- shallowv bursts %~as been establishied. exceplt for the dete riniviatioii of

maximumi spray dIomic extent by meanis of Equation 8.2, because of flie early uncii; g-nee ofF thle plumles.

A seconu hazard to dclivery vehicles is the rapidly expanditil niiss of plunivai-r oduc"'
by all underwaber burst. The scaling of W.1hoo and Wigwam plume growthi is snown in

' U reduced form !in Figure o.3 as the prototypes for deep and very deep bursts, respectively.

To scale these data, all radii, heights, and times were divtdcd by the cube root of '4;.; yield,
which is equivalent to pretsurei-inertia se.oiing of thc motion (Appon,!!x). This Is an
a~pproximation based on the successful use of this type of sc.airlr; for HE tests. In reality,

4gravity also affects the motion, but the neglect of gravity does vtapp-a .,, 1,1roa .1
serious error, if the range of charge weights tinder e.inqsideration is not excissive.

The plume radius anu huabait duia employed as a basis fur Figure 8.3 were maximum
, ~ ~ ~ vle j cajsc (if the safety -de r equiromentt. The reduced data n.ay be converted to tither

yieltiq In li' dfeil) and very deeip categories by multiplying the values by the cube root of
the de.ilredl yield. To fa.: it ti-t- !roccdume the scaled values are summiarizcd lit
Table 8.2.

The time of plumeo originm ioireascs fin stepwise fw-iohn wl", dci.0h of hurst. It. may be
assumed that the timet ef piu-n.- osl2;'¶ coincidi-s %YfUi tiw. limte of collatise '.f t*.. -,I, ~.iel.

* .bubble at the end of its final lpulsat,.n beneath thu s;,ac A tetlhoiquo for -'w~ulating the
* migration and periods of nuclear bubbles Is presented In Reference 23. Since the Wanoo
* ~curves' in Figure 8.3 are based onl a test whemre the bubble oscillated once before the

eruption of the plumnes, they arii not strictly applicable to a condition In whilch a nuclear
explosion is deep enough to permit two complete bubble oscillations. However, in the
absence of such protatyPc data, ' he Wahoo curves may be used, providing that the calcu-
fated curves for the deeper condition are, Otlifted by adding the pieriod of the second bubble
pulsation to the calculated times.

It a nuclear bubble oscillates three times, it talis in the category of very deep bursts
represented by Operation Wigwam. However, the third collapse of the Wigwam bubble
appeared to occur several hundred feet beneath the surfaco. For a burst that occurs at
a shallower scaled depth than Wigwam, hut deeper than Indicated by Equation :.L.28. the
calculated pluine curves should be adjusted by subtracting a correction factor. The mulct-

4 mum time of plume oerptien. for a very deep burst would be Lthe su'n of the three periods
of bubble lpuleation.

For the shallow blowout co'iiitwk., the columin, cauliilowdr cloud, and heavy 1l.1.1d
faflowt itiust 1e considered. The s~alirng of the Baker plume growth is shownt In Figure 8.4,
reduced by the cube root of the yield. The reduced data may be employed in the same
manner as for plumes from deep and very deep bursts. For this purpose, the sealed values
are listed in Table 9.2. in the absenlLe of other information, the maximumnt radius of heavy
fallout at Biaker may be sealed geometrically. This value was about 4l,500 feet.

Ma.'dniumi values of the Umbrella plume curves 'qrn Included in Figure 8.4 and 4ummarized
n Table 8.2, to be eimployed as prototypedata for shallonv bursts that do not produce iu..
For safety considerations, time relatively aarrow column ncck Wa b ignored. thotigh it
cudvlubtedly lias imliurtance in the deveb3pmnent of ul~:'e f uxillosien phienomenology.

bi thme shallow ranges of depths, it seems advisable to assume that the plumlles appear
instantaneously at the time of burst. Although the plumes may appear a'- much as a lea~
beconds later in iliv vuau or a largo yield at the ~ ~taIn the hhl.Aiw ~ iv

ji methods have been developed for predicting the plume times for shallow bursts.

102

CONFIDENTIAL

=7'~ '



If a imerst veclirs in the near surface range defined by Equation ~.1, 1the i~urfacv cir~ud
~ ~Ji.~ ~ ~~ p '~yUL z iu ui~iiig eerniques tor

the scaling of surface burst fallout usay be employed in this range (ltefet enee 45).
Thu plumes are capablu of doiing phy~ieal dimiage by diucet contact %-'Us iu dulivkemy

vehicle. In addition, their rapid e.\Vanskii dib~uzl, the air beyond their visible boundp ies.
B, cause of the general lack of reproducibility of plume phenomena thu curveb givi'.n in
Figures S.3 and 8.4 may be, considered ac.ourate to ± 30 pu i ent,

In atedltion, a buffer zone of + 50 percent is recoinmencdud for avoldan:;e of the violent
air motions beyond the column and plumes. A e'iffer zton, possibly overa4:ppiig these,
should also be established for protection from nuclear radilation originat~ng in tt~c column
and plumes (Reference 31).

8.4 BASE SURIGE

Since the base surge Is highly radioactive, it Is of considerablo Importance to %e able
to predict its growth for the development of weapon delilvery tacUes for both ships aind
low-velocity airc ". i.e., helicopters. It will be assumed that the base surge radial
growth tar the tou,. c',. u Wsts conaucted may be cmployed as pirototype data.

The Wigwam bas sut'&%. was similar to the Wahoo surge In gone ral'appearax~co. though
It was smaller in size, a,. thown by thc crosswind raula growth ce"sIn "Igure 7.2.
Although no base burge bdi mflgn studier '1,oitr lieoe done for HE -u4 .. p ..uests, It
seems reasonable to assume that the Froudo technique Is valid at the early s~mgv of surge
grow'th for the deep nuclear tests as well as for bhiallow bursts. A measurement of thu
maximum plume height or the colk.-psed plume diameter would seemi to be logical choices
as characteristic lengths for scaling the radial growth of ft-, surge. Howvever, the plumes
are generally Irregular In shape and noL reproducible. In the absence of good statistical
data, these parameters cannot N. usced.

Since the nuclear plume dimensions appear to be related to the dimensions of the bubble
at tho end of its first expansion, It seems reasonablo that the maximum bubblG radios
Amax would be suitable a.. a characteristic length for scaling tlwi base ,,ur'ge radial growth
for deep burbts. Thu Froudo scaling of the Wahoo and Wigwam crosswind surge data z
norsented In Figure 8.5 and Table 8.4. To convert these values to another yield. Amax
moy be calculated by means of Equation 1.25. Then, the tabulated values ot reducced radius
should be multiplied by Ama., and the tabulated values of reduced time multiplied by the
square root of Amax I If the condition of interest falls In the categoryv of a deep burst, the
reduced Wahoo data should be vis.AI as the prototype values. For a very diep burst. Wigwaml
Is the appropriate pietotype.

In order to predict the rate of growth of base surges for nuclear bursts In the very
shallow range, tlso Froudc scaling technique has beent used with tht. ma.ximumn column
diameter I) as the characteristle linear dimcnsion. This was not possilfle on Shot
11ibt'ella, because a comparable Dmax could not be measured. However, it maay be
assumed that the Dmax of 1,550 foet predicted for Umbrella by -means of Equation I.N.
represents an effective Dmax, which liiuicate.1 the efficiency of the Umbrell a 'luirn in
producing a base surge. Physically, this valuas possibly represents an avoiage plume
diamater, which cannot be measured objectively by photographic methods.

'lhe Baker and Umbrella surge radus-versus-thine curves, reduced in term's of Frouile
scaling as Indicated a.vare ptvu.eaitud In F:gvore U.0. The simi'lar~k Zntve-n i"- Iw'o
curves is striking, although the Umbrella curve -xtends to a mm~. tiuL: IN. 0. 1. Aec/ft3

& whereas the Baker curve ends at a sealed time of' 11.1 sec/ft"'. In view of the slight
differences between the two curves at early ti'rnes, it is recommended that a single curve.
obtained from the higher values where the two curves exist. I*, be iiiloyttl a! a p~rototype-
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Bec'~laiuse ofi the out% of dhifeoio (zlvitibglaws for egon 1i~ncs mawl bae ewrcu laut.d from,

calctilatmI curves may inwerialj. In tte~cases, the curve ýhowlng the grater radiun
',ihould bo used for safety.I

in any tactical situatioi involving thu ube of ships, the effect of the w~ind on th.' base
suirge Is extremely imnportrnt. The motion of the downwind leading edge of thle surge mlay
w u1JA4Rild by addting thie w~tid bliued to the avuz-4ge Curve. Ti U Iltituiolh of tilie I( "Hlling

upwind edge did not 'appeat to fol!?'w any simple pattern on thme four nuclear tebts; however,
on both Shvts Wahoo and UiV .1a, tho upwin~d surge curvo catild be approximated byI
subtracting half the windspeed from (ho average surge radial growth rate. 'In .1ll the nuclear
tests, then trailing edge minI tile stirgc reached-a maximunm extent, then remaisted stationary
or nioved down~wind at a r ý sower than the winds,ýccd, though usually attainitig tile speed
of tile wind at a late ini' , q' - ,,v -wrad ruie-ef-thumh, dubtracting half the windspceti
fromi the average surge curv iihmwA provide a curvc Pidequate for establishing safit d~s-

tancets upwind front a burst. '
The nuclear w-st data curves Pov-" to the gr-.4% of (lic visibla base -,u --,.~lavecd

thl-...,. :urves accurately show the extent of the surg~e. even at late tlin~es wheum tile 0%!gu.
A`., cyal', iting. In no case do the curves probented in this; report show the mainuillm
siwuge grow~th, althoeugh a leveling off cemih 1w n lit the absence of 60.tbr information,
tile curv.-s call Lm xtripolait,!d to inkclude- tlm growth of tlie Invisible surgo biy fitting a
hylxerrodlc equation ' %'the data.

r -r~ .rona .nuclear radiativn ortginating in the b~oo surg~e, a buiffer :erne extending
-;..nd-thc edge of the surge cloud ihonld Ls. vstablichad,
The vertical growth of tiw.e base surgep has not bleeni studied In detail. On Wigwam, Wrihoo,

Anit hIWI-01a. the' xt'rip:' 0o$4 feide to fluctuate between 1,00C and 2,000 feet after ani
inita' rapid O~e.'n Blaker, (lie WeiikvIor was similar fov the 2 ninutes following the

burst. alt..r wih-h the surge height increiesed rapidly as a result of nuw condensation and
cloued developmenot in tie surge and the air :&w.-v It.

P~n nimpie rtile canx be established for sfurge height jprciietloas. At early times, thle
vertical growtii probably depend3 ma:Inly on the turbulent motion of the surge. At later

m e.~ atmospheviv turbulenm'e. tmporuLro. ard reative humidity at altitudes up to a
%.-w thousand feet, becomne important. In guncral, 2,000 feet Is probahly u good order of
magnitude estimate for the 1- to 1004-lt rtnga for tr*!ical regions '%Tinet the relative
humidIty Is Lbelov; T. percent. At a higher rclat,,- hauin! wliy, extenalve vertical dmivelmm1
ment nJih' occur. It alli atmnospheric tc..nperatrur Inversion ocdsta in thn area of the burst,

W4 ~' protiably Inhibit tse vertical growth of a base surge. P-H
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TABLE 8.1 UNDFRWATER NUCLEAR EXPLOS1ON TEMSS

CW,6orv Uperation Shot Yield Depth of Depth of la~lmle I\B Durst' Watr

kizlC f(ct feet feet fl/kI "•

Very ehallow Crossroads Baker 23.5 90 or0 s65 1.1 5 0.104
(blowout)
Shallow liar•ilack Umbrella 8 150 150 520 75 2 1,4
(non-blowout)
Deep Hardtack Wahoo 9 wo " 1,000 384 240 1.30

Very deep Wigwam Wigwam 32 2.000 31,(100 370 ; 631 5.33

TABLE 8.2 REDUCED 'L!:.,4 PLUME DATA. SHOTS UMBRELLA, WAHOO. AND WIGWAM

Height % .. , ur Plume R.dius Height n.,••, ).r Plume flail ',
t/yt'l h/yt•3 Il" y /\, t/yla h/y*/3 t/yl'• r/ytl

sac/kt"3 ft/kt1,1 Wi/kt~nIt; •tI,• seco¢/,•tI it/kI,3 goc/kdtl't ft/kt1,1

Shot Umbrella:

0 A 9 ou.S 2.a35 5.5 s
0.5 4,0 - - 6.0 1.,3'0 A,1 735
1.0 310 1.0 240 6.5 2.380 6.5 75M
1.5I 1.135 15 335 7.') 2,400 1.0 710
2.0 1.4 .0 2.0 410 * 1 1n RA ,n71.1
2.5 1,650 2.5 475 9.0 .1,455 9.0 805
3.0 1,850 3.0 530 10.0 2,470 10.0 810
3,5 2,020 3.5 isa 11.0 2.475 11.0 810
4.4 2.145 4.0 625 12.0 2.475 12.0 810
4.5 2.240 4.5 660 12.5 2,475 1'..5 810
5.0 2.300 5.0 690 , - -

Shot W•'hoo:

4.3 $26 4.3 382 7.2 798 7.5 717
4.5 53 4.5 110, - - 8.n Ron
5.0 645 5.0 480 - - 8.5 842
5.5 705 5.5 543 - - 0.0 880
6.0 750 6.0 600 - - 9.5 911
6.5 780 6.5 654 - -, 9.6 919
.,1 794 71. 705 - -.

Shot Wigwam:

3.47 104 3.88 90 :.5 44S 6.S 340
3.5 110 4.5 182 6.0 459 7.0 380
4.0 235 5.0 2ý9 - - 7.5 420
4.5 345 5.5 2,0 - - 7.89 456
5.0 412 6.0 305 ..-. .
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lls;Cohtuni or l314hu, C,! Iilic1+h •,. Il.A+. ,f

Plume Radius CuluhI , A.4 r Cloud C.,1aIuhl.yMr. V, 11

('/kit" sc/W"' r Vil" hLc]t'./3 f//ktI3 mIYkt"j WWI,

0.74 99 0.65 650 0.7
1.0 1.080 0.1 11L 2.0 860 0.3"2 0 1.430 0.2 113 4.0 1075 1.0 4

J.0 1.610 0.3 165 6.0 1.1tv 1.2 "55
4.0 1,700 0.4 175 8.0 1,250 1.4 480 4
5.0 1,750 0..6 205 10.0 1,320 1.6 f133
G.fl 1,7.0 0.8 225 12.0 1,375 3 S .2'

.•8 1.875 1.0 242 24.0 1.4:'U 2M 542
)0.0 1 .'J5 1.2 2.7 16.0 1,4M& 2.2 558
1".0 2.125 1.4 270 18.0 1.440 2,4 570

14.0 2.290 1.6 285 20.0 1,590 2.u 578
16.0 2.,320 1.8 298 21.0 1,610 2.P 582
15,0 2.430 2.0 310 - - 3.0 585

20.0 2,515 L..! 322 - - ,t.? 545
2.,0 2.565 2.A - 5
24,0 2,650, 2.51 ' • - - 3.5 555
26.0 2,690 .- -

"m3.U 2.725 - - -

30.0 2.750 - - -

31.5 2,760 - - -

TA.LIE 2.1 REDUC'V NUCLEAR BASE SUP.C'.* DATA

Iluot lai~.r-Lm -Umbr Il SN'5IuNa Shot Wigwam.
I/ (tlllw ).,)' R/DI1I1I t /(Amx)I/: R/Areax I O/A U114 R/.\Ina(

svc1/ft4 cue/it",1 SCORfIA

0,25 0.68 1.02 4.66 1.34 4.18
1.0 2.00 2.0 9.20 2.0 7.31
2.0 3.35 3.0 12.5 3.0 10.0
3.0 4.15 4.0 14.8 4.0 11.5
4,0 4.70 5.0 16.2 5.0 12.5
5.0 t..11 0.0 17.2 6.0 '13.2
A.0 5..1 7,0 18.3 7.0 13.7
S.0 6.06 8.0 19.4 8.0 14.2

10.0 6.60 9.0 20.4 9.0 14.1
12.0 7.04 10.0 21.2 10.0 14.7
13.0 7.42 10.20 21.2 10.31 14.4

7.78
18.0 8.09
20.0 9.35
22.0 8.60
24.0 8.83
24.0 9.03
28.0 9.22
30.0 9.35
30.5 9.37

SDojax is defined ty Equations 1.35 and 1.36.
Amax is dclined by Equation 1.25.
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4Chaptier 9

CONCLU~lolS AND REXVMMlENUArIONS

9.1 CONCLUSION'S

The results of Ope.rations Crossroads and Wigwvam ileionstraltudtl th. vam.A jfoi

graphic analysis for obt-dning both Indirect inlormation aixivut an underwater nuclear epo
sion and the accompwai--- snock wave and bubble phenomecau, as well ab direct Infiormation
concerning the visible spray and cloud effects. This was also clearly shiown by the res_!ts
of Shots Wahoo and Umbrella In Operation Hardtack.

Thu slicI;s, spra donweu, and spray ringpi gave visual evidence )uI he pasz..tgc ol under-
water shou;: waves . liei: d to Identify the sources of titesu waveq en Shots Wanoo ;,I,
Umbrella. The initila crtio, i volot Mtom of tile Wahoo dome were used to calcublat r..aak
untlvrwatur shock prcs,:t"--' ablong the suriace: ute ru., .tini, *aluus ranged from I to 1.1
percent higher than ird.J.awdu i~v theory. On both shots. an cff,ýr.&-..-. li- vaculuto
the yields of tile bursts by neans of an initial aumo velocity tcchniquu. This providrd a

opvalue of 8.9 kt on Umbrella, which was 11 percent higher than tho radiochomical determin-
atiw.., and sava a result of IL. ki, .ii Wahiwi, which was 2' r. pai.nt, higher than the radio-
chemical yield. In both cascs, the difference between bjiray dome and radlochemlcal yield
Incioused with Increasing distance from surface zero.

in generai, tne measurements trom the tour nuclear shots indicate a tendency tor initial
spray dome velocities to be higher than predicted by the thoory currently in use. On She'
Baker of Operation Cro~sroads, the shallowtiqt burst, the difference was negligible; however,
the diffcrence Increased with Increasing depth, reaching a value of 33~ pot-cent on Wigwam.
It Is believed that surface roughness contributed to this result. Possibly, the effect of
surface roughness on the spray doem is the same at all depths of burst, and this effect
becomes relatively strong for very deal) bursts, such as Wigwam, wthere the initial dome
velocities were low and Cie spray dome was relatively broad and flat.

In view of the lack of a full understanding of the variations that occur In initial spray
dome volocities, beth as functions -f dome radius and depth of burst, it does not seem
advisabtloIe t po thicuo mcasurement:s for primary yield dctcrminatiuzw In underw.ater
nuclear tests. However, the method is a useftel check, and, in thle absence of other Infor-
mation, could provide an approximate yield.

The photographs proved to be particularly useful for Identifying th.e origLins of the shock
waves and pressure pulses In air. 'Tills was done by correlattiig the times theise pulse:,
arrived at Project 1.2 stations with timed photography of the phenomena. In addition,
qualitative evidence of the passage 01 comrn "sion and rarefaction waves was obtaine'd from~
photographs of thanges in the natural clouds In the area.

) The plume phenomena of Shot %kahoo were similar in general appearance to those of
Shot Wigwam but markedly diffetid,t from the plume effects of !it zwsts at dcpt.,- .,.ie..t,.
Ior similarity of bubble behavior. The latter prodluced high central vortical jets. instead
ta the symmetrical, roughly hemispherical Masser Of plumeS obv dOil tiL rnuaeier testb.

Shot Umbrella produced a tall, roughly cyliiumlcil, plume, whiich did not resemlble tile
cauliflower clouds formed by the shallower Shot Baker and by HE taste scaled geometrtcallr
to Shot Umbrelia.
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I., ; .... I:H.II .... r," lll h. thlil " l ,t Ill" Aro" nIv: hlln!t,.',1 vlit,,. for t' I ., ,lr,'1 ,'•.1',, -tk/'
.latioil os 1)114111 !}!IL110ll1e1|13 it'• the• i111,141a0.1-c h. Altho-w!h :,nilall-.scalu tc-Ath hlave• Isrovideffl:i!--'

SLi m:41l,11t Into lphint"• Cf{lvct.ý. (.lKW<UL'a Vl 13Alt~ldl, el~l i ( oul n tlr•latudI tiat. dl u. , tl• ,, w mlHl . ,rilc

ll-I U.:(l;Plate. Ito I-1'.\',le it toll ofl.'•llliil nue l el arll• hill'st v~ff4-I,;l .

INd. Ingi Shouts Walulo and Umbrulla, ¢.-*llall'inforna}:tioU (,In lthe;';"! anld driftt A,

{l•l.I.- V.... i %Vaws~ :qll d. Tlhe st:a'ges' tended to mOovc lil the 41ir(ction of" the• wiiwl aild

at Ilike Saint; as-'' tl h,, wund;, f>:" t {w thcý tr'ailing upiwinld ý(!gc. %ditch . 1l, -\,,iiVldene'ý.
tit frictiolnal rtl.,Udat.iun. .\v'sratg radial gr'owth cur'ves wer•e obitainecd whlich pr,-wldu a
IaIsi.ls for thie plrediction of bal.t. ,Surge delvelopmelnt for lbursts liu the samle depith cate,,ories
as Wall\,hoo andl IUmbrella.

Oil "00%l ýLhRA3, thC 11n111I)LVature-hliumdtty records indicated ani initial heating ol till(
lagooni water Iby the d;touahton. On Umubrella, thu bul'go, was. at 100-11ereent relative hunmidity
for possibly 100 secondsl~ after the bulrst, after which It gradually mixed -xilh, the: drhir

external ambient air. After An v•econlds from, tile burst, thu surg0.- was cooler than tile
surrounding atnlloslhere a's U result of the process of evaporation of the water droplets It

-ontained. Miie a 'bout 15 minutes had elapsed, Lite Umbrella surge cloud was cabtntlaily
a 't the U1n1blent h4,l11irahur, and humildity.

The recsultsl of ulperaltit -t'd'-ok, combiined %itth the ri';ults of Shots Baker" and Wigwanm,
CO\'M a whir i range of exptvr, venshi -indftioins. It is now AM lthUat, ultlnoulh thio ihenominal
Ire not thOl'ougllly tllderl.;0ool van~tll,! il Iv mod, w iVt'; , re.-h.-.,ibile de-glen of contfi-iilll

dlenice for ylehis lhetivteu I m,; ! Aý.i I I., uiinlrg til e lsults of tnev four niueltr 1--... . :i
preic'ltions could nut be lola&l Wito U nlldVllCiic IWlIte LU Ulielatiol, l'Iftzaclk.

9.2 IRECOMIMENDATI1ONS

A result ot major signlwllaitco wa Vt ill' dhSStlnulari btwee lW¢Lite tiebnil~lvla colunmn and
lplunwe phenonmena anl the surlface plhenomeina of HE[ tests at doplths scaled geoenltrical!,-
to Unmbrella. B3ecause of the failure el the Unihlella bubble contents to wlllurge through i

tile water sui'facu at high iissrctlu'. boh ihe al v",,l'.hock wale and e.arly (lir-ebiat h Ul'ge)
inuclehar radhiation weit- less than ,mntielliated,

Shinct. these effects are ex,,trenmely hnmportant fotr the delivery) of underlater ;',llin h
blhailow water by shlips and alt-craft. addilloiial w~ork is licU•ed to obtain a betteri" dnurl-
sltanding of the iniechanilsni of blowout and to de'tevinilne tlle nature ot thu scaling relationship.

On tile nuclear scale, It would be desli'ablu to obltain surtale pheno~acna data fromli one
or miiore 4ts at sc,•lud depths between those foro Shots Bak-or said Umbrella. Thlese would

aid hit determining- th,• trwiusition'al deplt~l 1-Mteen the very shallow (hleoiut) -uid t•halluw
(non-blowout) co!Y11111--i-i. Of tet•miowlvr In,•o'eot In regard to burface lphenouiona, hut
extrenlely useful. wo.uhld be a nuclear' but st Internmediate IWmvicai Wahoi%• sad \Wigwam,

possibly at a depth permiitting the bubble to oscillate twice be ure breaking the itisuace.
A surface Ibur-.t would also provide data needed for filling a gal) in the wdsting knowledge.

Thei.;c should all be lit ilh( range between 1 and 100 kit. However, b~ecause of the uncertain- llil
ties In the-. prediction of effvets at greater or lesser yields, tests In the fr'actional kilrl'on

r'ange and at the ,liaegatua~ betd shli Sllld also b;:. coliMo'ed.

In the event -,1 future nluclear' testsi, it is essential tliat photography b- ftully ul..iz.. ,*
an e.xperinieniill tool. To at".1in the ina.oniuln benefit from photography, e.xensive well- '

iilam-w-d Co\,erL.ge C0oinl-ineU with callin ,alc"and -- illrlatisely, cleair kiles •is needed. The -
latter ar:e difficult to achieve lit the geoglraphicalc areas• us•ually employed for nucIl.U*r te.0lng,

but cthli-a-zolo•-g icll data2r he•lifud to -i cau t~l¢.ing, the• intlsir suitat.-ic iel:.I-

inendationsl concerning+ photogr'aphly are includecd In Cli,.i,per 2.
In view of the nmoratorium oa underwater nuclear" testing at this (linei, it is reeon ialeilded[•

that a malxnimumn effort hec made to provide tile unilerst-u, dhng of the. sur'fact. liht.noine-i+ ,•••

2O4.
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In generol, the diiffernces between IIHE r(,utb andi nuclear burst effects may. t14: at-

trhui•avd to týrte imajor custl-,': the r.IlativelV large physical bize of J)u nelhlta ihjioi 0.1,

INt' tti ively low-cneler'-deilit)' of a Ill- Charge, and the diffe'reicest Ii .Am idlear
an eua li It. bubble.

Fo vxamine the effects of physical siz.e. IItI tfft ts may lIe ste'i0'd ,';,it a '. ,i',rinll o.f
charge weights. In the past., many surf:u pUhenoimena'I eoxperiments have been conducted on
a laboralory scale with charges weiglbing h,- than I gr-li, aid a considerol:e elfort Iris
gone Into field experimrnts in the range between I pound and about 2 ton.4. One test was
conducted with 45 tons of rNT. However, the early phases of column formation, the
rupture of the water ,-urface by the expanding bubile, and the blowout of exploioin productslu
or Inflow of air have not been studiled in detail. If thest: lphenomena were Investillated with
charges weighing fr,- ý.bout 0.1 gram to possibly 25 ton.t, a considerable insight would be
gained into thu effects of the physical sie of the exprhnienti on the blowout process. thillg
the theory of Instability (Iteference 1,1) as a starting point. It shoeJId 1hc possible to develop
adequate acaliftg I w4 for blowout from ItI. High-speed photography and the Cemphloyimefnt
of pressure probe sir. ',l to record values within the plume, column, and bubble %%ould
be Important tools.

The problem 1 al-p•"l-'" theve results to nucia•t .. 'rat.. i..,,or' ditileal hi In this case.
the theory of the fo- ni-.tln. trrowth and Intermal structure cf . 1- •, :.. , L.- %vuld play

a major role. This tneoretical work is considerably advanced as a result of work t•,-w for
Operation WIlwam. E:qerllmenl1 techniques that may be useful hIee are the emnlpoyment
oluf au •.VlUla'.Wd vcuutimi tank to provide adequate scaling of the migra'tion of a nueloni'
bubble, the use of sparks or exloding, wires to lproluce a jat'am hbubhil, I rlim a point '-ouirro
the use of special chemical e.plosives that rvntamn Ji large lulantity of water of eiysalliaatitea
to pro•-Lco :stvaiii I6ulblO, aid theu ubu or UeiemimiU eXlo)iveOS that hav0 buleiie-tO-SIoCllK-
wave energy ratios similar to nuclear explosions.

The liaso sutgoe also requires further study, particularly in regard to the effects of
meteorological conditions on the growth and dissipatlon of the surge. Although Shots Blaker

and Umbrella were detonated In the same geographical area and during appuroxim'nately the
same season (Baker was fired on 25 July and Umbrella on 10 Juw,), the surgt. ,llilUeit
and dissipation mnechanisms were radically different on these tests. This was attrlhi.ted to

the higher relative humidity and greater' atmospheric instability during Shot lUz:er. Ihlow-

Qver, much greater extrum• s are possible, If bursts occur in dlifferent latitudes. It ,cemos
likel3 'hat a at'rge rainout would rroiduce relat!\'ely high -epelits of railloactivc materials
oil ships or oJ.a.• tarl.;:ts, while the passage or an vtlparatling sur'i would leave a relatively
light deposit. A surge cloud that remains visible for a long period, such as might occur In
the Arctin, coulh probably be identified vissially until it. radioactivity had bell 'eduhced'to

a low level. This would reduce the likelihood oif Inulvertently entering the contaminated
aiar, ,s coule have occurred, for example, on a burst such as Wigwam. m.hire the Sulrge
o-.ean.o invisitle to surface ships aix.ut 4 nlintiteS ,fter the burst, yat contained relatively

high dosage levels 21 minutes after the Lx.,bt. lit th- absence of nuclear tost," 'heoretical
• •• ll~-"•,l.•j•V-_&6UJ a1&. ub..,uall fv, ;i l•:ti;A, mtlulrstan ding of lheý effectsl (i, Inelor-

ological conditions on a base surge, because not all of the full-scale ph. iea.ffilv c et eo.
simulate([ with HEI te!sts.'."
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PRINCIPLES OF HYDRODYNAMIC SCALING OF UNDERWATER
EXPILOSION PHENOMENA 4

In engineering projects. it is common practlc', to study the PG "formance of a small-scale
replica (model) of the large-scale structure (prototype) that is to be built. Some examples
are model dams, brcakwatc.., ships, and aircraft. In th .. n. !' !e,-h " r-=:2arv
to model the tHow of water or air around the structure or vehicle. If a : taosl tst is
performed properly, valuable Information about the prutotype can be obtaned at I
relatively low cost. The .,a principles that are employed in engineering model studies
can also be used for modoli. a :...•o underwater explosion with a small one.

,rho simplest scaling conc 'Ft ib Lnat 1)f geometrfrr•n tQmllaritv. This Implies that the
parts of a model havi the sain ..hi. as the corresponding parts of the •. .¢e9,,i. " other
wqeds, all dimensions In the inod,.' .re som.e ý,..'.X'* multiple of the :n.,.'.... .huiwLwoans
In the prototype.

For a ahallow underwater exploslo,: in which the explosive composition and density are 1
the same in model and prototype, and a spherical charge is used, the followin,: throp Ihngths
completely determine the initial conditions:

d - water depth

r, - chargu ujthAi

re . chaugu radius

Figure A.1 !llu•htates the experimental conditions for a 0.2-scale model of a shallow
underwater explosion. The subscripts m aund p are used to designate the model and
ptntotype, respectively. The length scale factor k, Is defined as follows:

1.. MV

Where: I = any linear dimension.

In this case:
.1 ,

k p- d "r---A 10
p dp rop 10

Points that correspon( In eoah • lthu in model and prototype are called ituntologous
points. If z is dte vertical coord:nalt, and r the radial coordinate for hu example given
in Figure A.1, then

zm = I z P

n =I rp
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ýho ldHow 1vuurs it is n(,essarv to ompuowi .y ho, ieictpt of hoo l'loguU

wini

p d ti

Where: w vertical componuact of velocity

t- time

Combilngn these equations gives

If kw - Yortical volocV, tv.:J' factor, and

,kt - LIUUt beale factor.

* It follows that!

TFhe aca~llag of aceetcration Is cleveloped In thai fnllowiii- my:

dtm dttm

dw,. d~zz

dw

Combininig these equations yields

dkv / dt d2
z, d'z~

dm/ dp. dr / lit.

If ka= accele-ution scale factor, it follows that

dw~ /d(W~

.R/ p
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[itol-ut tom~,.a gcm*1fmdknmtcsmlrt tenfo iir; ~nrto
I n~~~int{ , fll;li aclinmdlwl rkuyv1 tb

IIIQ Saint!. T I-(,11mii areS~mt (t.ýfre omnyoeiee ndofdso
slvon inga jdiwtvepoin .rsv i eea om

('esir oc Iia e
Inorm-fav- ".Am P01

Grait uf'dms lom'iI~~~i~ i: -nd 1)13g iinlrt'IxtvnI.' wn h~ '
Vtr iscousfl (or 4'.nrI A~l~ti ;4vdprel nro~ ui ~~tpoi ~

t Sa-fsc. ti'"fiilswio Core(: (~frc omnl noutrdi~defuIiso

AA Ware

p dest

1; ucceivrl~on duec to gravity

p' VO v~~tO ~iscosity

it mWo two of the aliove forces govern the flow ;u.-mumatioon being considered~, dynaimc
similarity mm~y bW maviitalneci by Itevning 11cc cr'. -it th co forces the sameo In thi. model
atud prototyipc. T1w~ force ratlo,,c are expviossod as dimensonless runmbis, buch a.; the

followinog; vl

Reynolds number :%Ietafre V,

JProbsace ciNrficlunt -pressure forcv- _ or

Froude nt-nicer - tilterclt force =~ 1. - r
gravity force Ig t~

'Weernube mrtca force - nv2l

surface tcnsoit~n c u T

If p. is, %p, TI, and am~r the sam., in both :Icodcl and prototype. the following scalef~w zaz. I;
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Rteyn•lus sealing kv - k 't k , ka k I-

Prsuro' sealhn , k" I. kt - . ka ki"

-roude scaling kv I1 1:.,/2, kt kl I a a I

%Veber scaling kv - ki- 1 /, kt = k1/ 2 , ka= ki- "

An ,oxampie of the application of this technique to an u.-drwater expl'•oin problem,
consider a par.el of water In the eoq)anding colhn fnrmu.1 hy n shpllow burat. Thu hori-
zontal ,:ompot,,nt of motion is dete.rmined mainly, yth:, e Inecrtia of the water and the d"iffe:-

cnce betw,:u, the pressure Inside the column and the atmosphzric pressure. The pressure
difference changes -',-nuously k's a result of the expan:;lon cf the column until the column
breaks apar't and pr,,smrcs are equalized.

If a large-scale ex'cplosion is n.roerly scaled with imall-modul ttsts that are dosigned
to sinulatc the rrtial exqansion of the column, and column radius-versus-thie data is
obtained, the [ohl -g r -40~ts %:wu•la be Atmined:

Since kt - kl, a, timtl. ,ill k, reduced by a factor of 0.2 In a 0.2-scale model.
Since kv = I. the .0,,Iooltles of flow will be the z,, ".ý o,...11 sca1e3.
Since ka n k1" x, ..:: .t, ýýIurtions wvill be ,!%(. thiles as d-o', m, •; h lodel as

ini the: iototypw.
In addition, if each set (f radlus-versus-tine data Is reduced by dividing each measure-

ment by the leng-th scale la~t-e ki , .',,a the values are plotted as r/k! versus t/kI. all

poinos should lie on the same curvu. 1lls sealed curve nmy then be used to predict thu
actual radlus-vorsus-tine curve for an untested conditlon.

The iudlal flow of the base surgu. formed .)y an underwater e,,xplosloa is governed by

gravity and inertia forces at early thnes. Therefore, Froudo bcallng laws should We
obeyed b)y this phenomenon. ib this case, velocities and thies .,o reduced by 0.45 In a
0.2 -.-:,L ,od. und acuuler'alogiaaro tlho .;ania on all scalu,.. A common curve• (or all
raflus-versus-t•.nu data may be obtained by dividing radii by kI and times by kit/,.
Figure A.2 Ilbhstrates how the radius-versus-timo, veocity-versus-timu, and acceleration-
ver.%us-tino curves look for a hypothetical t.ase where pressure-Inertia scaling is valid,

and for the sanme case if Froutk, scaling is valid.
if more than two forces are important in the o%;perlinent, exact scaling Is Impossible.

aiUtf so0nic CumIprOIfiI:u ritust be -iad,,. In sono caeas, the 1|inediu linttbe. ] changed in

order to obtair a irxoper ratio of forces.
If the phenomena are more ca•r;plox than indluated sbove, but thi, vriablles involved can

be Ilisted. It Is lpossible to ca!culato a s,wt nf d11tn:n slon less products that may be maintained
constant or varied systemaatiall. in a series of tests to obtain useful engineering curvet;
(fRference 40).

M',odel '.aws may also be estabhishcd by making use of :.he difhvrontlal equations of motion

for the phenomena of interest, providing these equations are known. Since OhW SUaMe C(lUattea
should bI- valtl for both the moxdel and the prototype, the scale factor relatioouJmih required
to make both of t11hi.,. the saino, any lx.- determpined by algebraic manlipulation.

Anothel method for dorivhn, laws of slm ilaa ty from differential equations is to ,.\press
the equations in dinensionless form. An ixampl,. of 1hig i;th the•dvel•tp-ment of the sealiag
laws for the migration of e.,g~usloa bu.bbles (Re,'ecrcncc 9). ThLu ,A,,ivatlun b-.umw lthat

a ZVW1/4 must be the same In maulel and p-0,13tp.e for the prop•r svatihg of hbbl ul migration
and provide a mouthod for calculating the mivgration.

The geometrical scaling considered at the Ix gaonang oi this aluandlis ib buse•u oil the .t/u,
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oi tihe unu.xioded charge. F'or scaling the plun Iiihuniuimi t ul d Uul" 1u'lo , ;: S,.,.

desi'able toprovide geonmtrical scaling of the explosion bubble at tQ ' ernd of w) initlal
expansion. Ut Is not possible to fulfill both of these objectives In the same ex)eriment
unlewc special test equipment, such as aa accelera~cd tank, lb con3tructed.

Ca CH4NGE DEPTH
. . CHARIC RADIUS

220 '

40Ft. -'2.SCALE MODEL

S* - "* TO"V

k11 LENGTH SCALE VACTOR a I- -M d';041A
1 p Cp dp 111p

P; urz A.1 Geometrically scaled model of sh-wll. w underwatec explosion.
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